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Abstract 


iJBie  state  of  the  art  of  high-energy  density,  organic  electrolyte 
batteHes  has  been  suimuirised  and  reviewed  to  present  the  data  which  has 
been  published  in  a  store  convenient,  condensed  fom,  and  to  pinpoint  the 
problea  areas  on  idiich  future  work  should  be  concentrated.  |%ie  report 
encosqpasses  work  which  was  published  during  the  period  1962  to  October 
1966,  and  which  was  sponsored  either  by  the  US  Government  or  by  industrial 
conpanies  and  laade  available  to  the  public.  The  smterial  in  this  report 
is  organized  as  follows:  (l)  selection  of  anode-cathode  couples,  (2)  selec¬ 
tion  of  battery  con^oaents  including  electrolytes,  half-cell  systems,  and 
separators,  (3)  design  and  perfoimuace  of  experimental  cells,  and 
(4)  problem  areas  and  areas  of  future 
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IHTBOIJOCJTIOH 

In  recent  years  the  United  States  OoTeraaent  has  expended  conaiderahle 
effort  to  develop  power  sowrcea  ^ich  would  provide  energy  densities  greater 
than  those  presently  available.  The  needs  of  the  military  and  of  the  field 
of  space  exploration,  with  their  increasing  demands  for  electrical  power 
souarces  for  appUcatlons  idiere  wei^t  and  volme  are  costly  cosmodltles, 
have  provided  the  impetus  for  this  developaent. 

This  statTis  report  has  been  written  for  the  US  Army  Electronics  Ccenand 
in  an  attasqrt  to  collect,  sunnarize,  and  review  the  state  of  the  art  of  hl^ 
energy  density,  organic  electrolyte  batteries.  Its  prlaary  objectives  arc 
to  present  the  data,  which  has  been  published  in  a  large  number  of  reports, 
in  a  more  convenient,  condensed  form,  and  to  pinpoint  the  problem  areas  on 
which  future  work  should  be  concentrated. 

In  order  to  cover  the  subject  with  sufficient  depth,  the  scope  of  this 
report  has  been  limited  to  organic  electrolyte  batteries  only.  This  was 
necessaxy  because  of  the  large  body  of  data  which  has  accuBmlated  during 
the  period  beginning  with  eeurly  19^  and  ending  with  October  1966  during 
which  time  the  Government  has  spent  more  than  $3>()00,000  on  organic  electro- 
lyte  batteries,  this  limitation  of  scope  is  practical  for  several  other 
reasons: 


1.  Most  of  the  research  has  been  directed  toward  the  stv^  of 
topics  which  are  peculiar  to  these  systems.  Therefore,  this  research  can 
not  be  discussed  in  context  with  similar  efforts  in  other  artaa.  For 
example,  stttdles  of  the  caq^tibillties  of  organic  electTOlytes  with 
reeotive  electrode  materials  such  as  lithixim  and  cupric  fluoride  have  no 
counterpart  in  other  areas  of  cturent  hattezy  development. 

2.  Much  of  the  current  work  has  been  concerned  with  collecting 
basic  data  similar  to  that  which  has  been  available  for  aqueous  electrolytes 
for  decades:  For  example,  condactlvlty  meeusureuents  and  studies  of  ionic 
equilibria.  Therefore,  this  work  is  not  comparable  with  the  work  in  other 
areas  of  conteaqpozazy  battery  research. 

3.  Fo  practical  organic  electrolyte  battery  has  yet  been  developed, 
80  that  it  would  be  premature  to  compear  their  performance  with  that  of 
other  power  sources  such  as  silver-zinc  cells,  ammonia  batteries,  metal-air 
batteries,  or  fuel  cells,  all  of  which  have  been  further  develop^  and 
actually  used  as  power  sources  for  special  applications* 

The  data  presented  in  the  Tables  nnd  in  the  text  of  this  report  is 
included  only  for  the  purpose  of  the  discussions  and  does  not  represent  a 
coe^ete  compilation  of  the  data  available.  However,  references  are  in¬ 
dicated  in  the  text  to  serve  as  a  guide  for  the  reader  who  desires  more 
detailed  information  on  auiy  particular  topic.  The  list  of  references  at 
the  end  of  this  report  has  been  made  as  complete  as  possible. 
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TBE  SELBCTIOH  OF  AHOSE-GAXHODE  CX)UPLES 

The  theznodyzNEunic  properties  of  electrode  coaples  have  served  as  the 
basic  criterion  for  the  selection  of  electrode  systcas  for  possible  xise  in 
high-energy  density  batteries.  Of  prinaxy  importance  in  the  consideration 
of  a  given  electrode  couple  are  the  free  energy  change,  AF®,  for  the 
postulated  electrode  reaction,  auid  the  equivalent  vel^it  of  the  electrode 
material.  The  free  energy  change  can  be  d.efined  by  the  equation. 


AF®  =  AF®  -  AF® 

P  r 

o  o 

uhere  AF.  and  AF  azo  the  standard  free  energies  of  formation  for  the 

Jr  r 

prodsets  and  reactants  of  the  electrode  reaction.  These  free  energies  are 
avalUble  in  tables  of  thermodynamic  data. 

The  standard  electrode  potential,  eP,  for  a  given  couple  can  be 
calculated  from  the  equation, 

_ -  AF*^^ _ _ 

^  “  (23  Keal  volt"'hParadoy“^)(n  Faradni^ 

t^re  n  is  the  nuriber  of  electrons  involved  in  the  electrode  reaction. 

The  'ttieOTStical  capacity  (aap>hr)  ctf  an  electrode  is  given  by  the 
eqnation. 


Capacity 


(wt.  electrode)(n  Faraday )(26.8  aap-hr  Faraday**^) 
(mole  vt.  electrode  material) 


and  the  theoretical  energy  density  (vhr/lb)  of  an  electrode  couple  by 


{-  AF®  Kcal)(l>53.6  gr/lb) 

Energy  density  »  {aK>ie  «t.  reae^8^)(o.3^  Kcal/uhr) 

The  sbove  equations  hold  only  for  eom]^ete,  reversible,  electro- 
chemical  reactions,  and  represent  tiie  maximum  values  ehlch  would  be 
obtained  under  ideal  conditions.  In  practical  electrochemical  cells, 
where  the  conditions  are  not  ideal,  these  values  can  never  be  realised; 
however,  the  calculated  values  do  provide  a  convenient  means  of  selecting 
potentially  useful  electrode  couples.  A  collection  of  calculated  parameters 
for  electrode  couples  which  have  been  proposed  for  falg^- energy  density 
batteries  is  presented  in  Table  I. 

Lithium,  magnesim,  and  calcium  have  been  proposed  as  anode  materials, 
while  metal  halides,  metal  oxides,  oxygen  and  several  organic  compounds 
have  been  suggested  as  cathode  materials.  Most  of  these  substances  could, 
theoretically,  provide  cell  voltages  on  the  order  of  3*0  volts  and  energy 
densities  in  excess  of  500  iriur/lb.  When  compared  with  the  figures  for  the 
silver-sine  battery,  one  of  the  highest  energy  density  aqueous  systems. 
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ZABLE  I 

HICB-EMEROr  DBRSOTf  ELECTRODE  COOPLiS 


Reaction 


ELI  +  CdF, 


2Li  +  CfuCla 
2Li  +  HlFg- 
2L1  +  H1C3^ 


2LiF  +  Cu 
2L1C1  +  Cu 
2L1P  +  !fi 
►  2HC1  +  Hi 


l2Li  +  AgPg - *►  2L1F  +  Ag 

Li  +  — ■“-►LiP  +  Ag 

Li  +  AgCl- - -  LiCl  +  Ag 

— -*-Li20 
— -►CaP2  +  Cu 

— ►  M^2  ^ 


Equlv. 

Weijdit 

is/ 

equiv) 

Capacity 

-AP®  of 
'  Reaction 

1  (Kcal/  ^ 

anle)  (volts) 

Energy 

Density 

(Whr/Ibi 

57.6 

0.465 

163.2 

3.55 

749 

74.2 

0.362 

141.4 

3.G7 

503 

55.5 

0.483 

130.4 

2.83 

620 

71.5 

0.375 

n8.3 

2.57 

437 

79.9 

G.336 

238 

5.16 

786 

133.8 

0.200 

95.3 

4.14 

375 

150 

0.178 

65.5 

2.84 

229 

15.0 

1.78 

133.9 

2.91 

2365 

70.7 

0.38 

161.7 

3.51 

6o4 

62.7 

0.427 

134.8 

2.92 

566 

tAiich  baa  a  theoretical  voltage  of  I.96  Tolts  and.  ■axlmaa  energy  density  of 
only  23^  idar/lb,  the  reason  for  the  interest  la  these  reactive  electrode 
couples  becooies  obvioos. 

Whether  an  electrode  cou^e  vhich  has  the  reijuisltethezmodynaaiic 
properties  vlU  be  useful  in  a  practical  hls^*energy  density  battery  depends 
on  several  non>thenRodynaaiic  considerations: 

1.  Can  this  couple  be  incorporated  into  a  battery  system  ^Ich  is 
capable  of  delivering  electrical  energy  vlthoub  suffering  appreciable  losses 
due  to  polairlzatlon,  incomplete  reaction,  or  parasitic  side  reactions?  The 
research  idilch  has  been  done  on  this  subject  is  extensive,  and  will  be  re~ 
vleired  in  the  next  chapter. 

2.  Can  this  couple  be  incorporated  into  a  coocplete  battery  package 
without  requiring  extra  weic^ts  for  "dead  vel{^t"  components  such  as  electro¬ 
lyte,  casing,  leads,  or  separator?  If  extra  dead  wel£^  is  required  for  the 
battery  design  it  laay  negate  the  gains  in  energy  density  aside  by  the  use  of 
hi{^-energy  density  couples. 

A  figure  of  awrit  e^qpression  idilch  provides  a  amthod  of  amOyzlng 
battery  perforamnee  in  tezais  of  the  three  factors  which  determine  its  energy 
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density,  naoely,  the  thenDodynanie  properties  of  the  electrode  couple,  the 
electroche^eal  hehayior,  aand  the  design  reqioireBeats,  has  recently  heen 
developed.  This  system  of  analysis  viU  he  described  in  the  chapter  on 
Cell  Studies  of  this  report  and  will  be  used,  in  so  far  as  the  data  allow, 
to  coB$are  the  battery  systems  which  have  so  far  been  tested. 

SELECTION  OF  BAITSHr  CGNFOIIEHTS 

A  large  portion  of  the  sresearch  effort  on  organic  electrolyte  systems 
has  been  directed  toward  finding  components  idilch  are  siiltable  for  use  in 
high-energy  density  batteries.  Investigations  have  been  conducted  to  find 
the  following: 

1.  Electrolytes  lAich  are  compatible  with  the  hic^ily  reactive 
electrode  materials  and  ^ch  have  acceptably  high  electrolytic  con¬ 
ductivities. 

2.  Half  cell  systmss  idileh  esddblt  acceptable  electrochemical 
reveiaibllity. 

3>  Separators  idd.ch  are  compatible  with  the  hl{h~®xthrgy  systems 
and  which  are  mechanically  strong  enoa^d*  to  prevent  short-circuiting  of  the 
cells. 

Selection  of  Solvents 

The  solvents  to  be  utilized  in  electrolytes  for  hig^-energy  density 
batteries  most  have  the  foUowing  properties: 

1.  They  most  be  aprotie  and  unreaetlve  toward  the  active  metal 
anodes  used  in  batteries  of  this  type  (for  example,  lithium). 

2.  They  anst  be  capable  of  forming  solutions  which  have 
reasonably  hig^  eondoetivlties.  Solvents  with  hlg^  dielectric  constants 
and  low  viscosities  were  ccmsidered  chief  candidates. 

3.  They  amst  have  a  wide  liquid  range* 

Many  solvents  have  been  tested;  however,  only  a  few  have  shown  any 
premiae  of  being  acceptable.  These  aceqpthble  solvents,  their  dielectric 
constaats,  viscosities,  and  melting  and  boiling  points  are  sisnmarized  in 
Thble  n. 

Selection  of  Solutes 

Solutes  for  use  in  higdx-energy  density  batteries  should  have  the 
following  propeirtles: 

1.  Form  stable  eleetrolytes  which  do  not  chemically  react  with 
the  electrode  materials. 

2.  Have  hig^  solubilities  in  orgaiulc  solvents. 
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TABLE  II 


6k»k 

2.2 

-49 

242 

39 

1.6? 

-4 

206 

kB 

1.93 

6 

189 

0.619 

-29 

101 

38.8 

0.36 

-42 

82 

36.T 

0.633 

-61 

153 

8.5 

0.330 

-99 

+31 

53.0 

89 

0.865 

1.9 

36 

153 

248 

15 

0.60 

1 

90 

111.5 

3.76 

3 

211 

22 

0.47 

-78 

102 

18 

2.8 

•-I6 

156 

7.2 

0.41 

■ 

-98 

57 

3.  dissociate  in  organic  solvents  to  fom  conducting  solutions. 

The  salts  vhich  have  heen  found  to  have  these  properties  include 
lithium  perchlorate  (LiC10i|.)^  lithium  alumlnan  chloride  (LiAldj^),  euid  the 
hexafluoroidiosphates  of  sodium,  ammonium,  and  tetra  alkyl  ammonium 
(ifaBPg,  HH^PPg,  BR4EP6). 

Electrolyte>Electrode  Material  Conpatlbllltles 


The  highly  reactive  electrode  materials  used  in  hl^- energy  density 
batteries  cause  special  con^tibllity  problems.  Therefore,  a  considerable 
number  of  studies  have  been  conducted  to  detexnlne  \diich  electrolytes  are 
cooapatible  vlth  the  electrodes. 
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The  stability  of  lithiim  metal,  which  appears  to  be  the  most  promising 
anode  material,  has  been  determined  by  storing  this  metal  in  the  electrolytes 
for  a  period  of  time.  Corrosion  of  the  lithixmi  has  been  detected  by  visual 
observation^'  and  by  measxiring  the  amount  of  hydrogen  evolved  as  a  function 
of  time,  ^  Lithium  has  been  foxmd  to  be  compatible  with  electrolytes  which 
contain  LiClOjj^,  LiAlClij^,  KPFg,  or  NaEFg  dissolved  in  PC,  BL,  MM,  or  DMC, 
provided  that  these  materials  are  sufficiently  pure  and  that  water, 
especially,  has  been  excluded.  Additional  data  on  the  compatibility  of 
lithium  with  various  electrolytes  has  been  reported.^»5»D>9>l6^17>2l,28,49 

Cathode  materials  should  have  a  very  low  solubility  in  electrolytes, 
especially  for  secondary  batteries  and  for  non-reserve  primary  batteries. 

The  dissolution  of  the  cathode  material  causes  decreased  battery  capacity, 
not  only  because  of  loss  of  active  material  at  the  cathode,  but  also 
because  of  diffusion  of  the  dissolved  material  to  the  anode  where  it  dis¬ 
charges  . 

The  solubilities  of  cathode  materials  such  as  cupric  fluoride  (CuiF2), 
cupric  chloride  (CuClo),  cobalt  fluoride  (CoFo),  and  silver  chloride  (AgCl), 


cupric  chloride  (CuClg),  cobalt  fluoride  (CoF^),  and  silver  chloride  (AgCl), 
have  been  studied  qualitatively  by  observation  of  the  color  of  solutions 
fozmed  when  various  electrpljrfces  were  allowed  to  equilibrate  with  the  solid 
electrode  material,^’^#^^#^^»^9  More  exact  investigations  of  solubility  have 
been  capried  out  by  quantitative  measurements  such  as.  conductivity  meeusuire- 
ments,^^  titrations, suod  spectrojhotometry.  ^  Solubility 
the,  foUowliur  cathode  materials  have  been  Tiublished!  '  >9>l3#lo>17>21 

24.49  n..ni 


CuClpJ^*^-^  AgCl.-^^-^*^  CuPg  has  been  found  to 

be  less  soliible  than  CUCI2  in  a  number  of  electrolytes  which  contain  LiCl, 
LiC10]j^,  LiAlClji^  or  LlBP|j^  as  solute  and  PC  or  BL  as  solvent.  (Table  III.) 

The  nature  and  concentration  of  the  solute  in  the  various  electrolytes 
has  a  pronounced  effect  on  the  solubilities  of  CUF2  and  CuCl2.'^^^^»^^  These 
effects  may  be  attributed  to  the  formation  of  soluble  complex  ions,  to 
changes  in  the  activity  coefficients  of  the  dissolved  species  or  to  pre¬ 
cipitation  reactions  between  solute  and  copper  halide;  however,  little 
quantitative  data  is  available.  Attempts  to  reduce  the  solubility  of  CUCI2 
throu^  the  use  of  the.  cosmaon  ion  effect  and  mixed  solvents  have  had 
insignificant  results 


The  addition  of  small  amouints  of  water  to  BL  was  fotmd  to  Increase  the 
solubility  of  CuF2»'^'^ 


Decomposition  Potentials  of  Solvents  and  ELectroI 


Another  approach  to  the  determination  of  electrolyte  and  solvent 
stabilities  has  been  to  measvire  decomposition  potentials  for  the  various 
systems.  This  method  of  analysis  is  based  on  the  premise  that  electrolytes 
must  not  undergo  electrochemical  reaction  at  potentials  below  that  at  which 
a  battery  will  operate. cany  out  deccanposition 
potential  measurements  the  solution  of  interest  is  placed  in  an  electrolysis 
cell  equipped  with  a  pair  of  Pt  electrodes  and  the  current  is  then  measuired 
as  the  voltage  applied  to  the  cell  is  Increased.  A  sharp  Increase  in 
current  indicates  that  the  decomposition  potential  has  been  reached. 


6 


TABLE  III 


soLisiLurr  of  cupric  halides  in  organic  electrolytes 


Cathode 

Material 


Electrolyte 


Solubility 
(Total  Copper; 
Mole/Lit) 


Reference 


CuFo 

LiAlCli^-PC» 

0.013 

41 

C, 

LiBPi^-PC 

0.022 

41 

LiClO^-PC 

0.027 

41 

LiC104-PC** 

0.0047 

49 

LiAlCl4~BL 

0.010 

4l 

LIBF^-BL 

0.000 

4l 

LiClO^-BL 

0.002 

4l 

LiClOh-NM** 

0.015 

49 

LiC104-AN»* 

0.003 

49 

LiClO^-EMSO** 

0.010 

49 

CuCl^ 

LiAlCl^-PC 

0.023 

41 

LiBFi^-'PC 

0.049 

4l 

LiClO^-PC 

0.048 

41 

LiAlCl^-BL 

0.046 

4l 

LiBF^-BL 

0.006 

4l 

LiClO^-BL 

0.008 

4i 

*A11 

«*1.0F 

concentrations  are  O.IF  except  as  noted, 
concentration. 

Decomposition  potentials  determined  in  this  fashion  appear  to  he  of 
questionable  significance.  Solvent  decomposition  is  an  irreversible  process, 
the  decomposition  potentials  are  therefore  dependent  on  such  experimental 
conditions  as  type  of  electrode  and  the  mode  of  potential  increase. 

Organic  Electrolyte  Conductivities 


Electrolytes  for  batteries  must  be  sufficiently  conductive  in  order  to 
make  the  ohmic  losses  as  low  as  possible.  Therefore,  many  prgaMc  electro- 
3^es  have  been  prepared  and  their  conductivities  measured. 

^,24,28,36,37»^H,k6,49  The  effects  of  electrolyte  composition,  concentration, 
and  tanperature  on  the  specific  conductivities  have  been  investigated.  A 
compilation  of  some  of  the  specific  conductivity  data  is  presented  in 
Table  IV.  Only  those  data  are  shown  which  serve  as  examples  for  the  present 
discussion,  or  which  refer  to  electrolytes  which  have  been  actually 
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TABLE  IV 


THE  SPECIFIC  CONEUCTIVITIES  OP  ORGANIC  ELECTROLYTES 


A.  The  Effect  of  Solvent  on  the  Specif^gConductivities  of  l.OF 
LiClOij,  Solutions.  Temperature  =  25°^^ 


Solvent 

AN 

IMF 

EMSO 

BL 

NM 

PC 

Solvent 

Viscosity 

(centipolse) 

0.36 

0.63 

1.9 

l.T 

0.& 

r 

2.2 

Solvent 

Dielectric 

Constant 

38.8 

36.7 

48 

39 

39.4 

64.4 

Electrolyte 

Conductivity 

(irlcm“l)xlo3 

35.5 

23.1 

13.7 

10.7 

9.3 

7.3 

B.  The  Effect  of  Solute  on  the  Specific  Conductivities  ogg^®* 
Solutions.  Concentration  =  l.CF;  Temperature  =  27-29 


Solute 

LiCl 

HaBP4 

NaEF5 

KPFg 

CsFFg 

MorpholiniumPFg^ 

Conductivity 

(n“^cm“l)xlo3 

8 

20 

21.5 

23.6 

25.5 

25.7 

C.  The  Effect  of  Solute  Concentration  on  the  Specific  Conductivity 
of  LiClOij^-PC  Electrolytes^^ 


Concentration 

(Foznal)  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6 


Electrolyte 
Viscosity 
( Centipolse) 

2.64 

3.15 

3.86 

4.85 

6.19 

Electrolyte 

Conductivity 

(fi’lcm-l)xlo3 

3  as 

4.90 

6.4o 

7.15 

7.25 

6.85 

6.25 

5.50 

incorporated  into  experimental  batteries.  The  following  general  con¬ 
clusions  can  be  drawn: 


1.  The  specific  conductivities  of  organic  electrolytes  are  about 
one  order  of  magnitude  lo’s/er  than  those  for  corresponding  aqueous  solutions. 

2.  The  nature  of  the  solvent  has  a  pronounced  effect  on  the 
conductivity  of  the  solutions.  Genersdly,  increasing  the  dielectric  con¬ 
stant  of  the  solvent  increases  the  conductivity  while  increasing  the 
viscosity  of  the  solvent  has  the  opposite  effect.* 

3.  The  specific  conductivity  of  electrolytes  increases  as  the 
size  of  the  solute  ions  increases. 

4.  The  specific  conductivity  is  a  maximum  for  most  electrolytes 
when  the  concentration  of  solute  is  about  one  formal.  The  decrease  in 
conductivity  above  this  concentration  has  been  attributed  to  increased 
viscosity.^^ 

Binary  mixtures  containing  a  solvent  vith  a  hi^  dielectric  constant 
and  a  solvent  with  a  low  viscosity  been  utilized  to  obtain  electro¬ 
lytes  with  improved  conductivities. O.63  P  LiAlCl]^  in  a  1:1  mixture 
of  PC  and  diethylether  exhibited  a  hi^er  conductivity  ( IxlO'^jT^cm"^)  thsm 
equivalent  solutions  in  either  of  the  solvents  alone  (PC-6xlO“3n"lcm'*^j 
Ether-2 .7x10”  . 

Attempts  have  been  made  to  increase  electrolyte  conductirities  by 
dissolving  gases  such  as  SO2  and  CO2  in  the  solutions.  It  was 

anticipated  that  the  dissolved  gas  molecules  would  arrange  themselves 
arotmd  the  solute  ions  thus  increasing  the  degree  of  dissociation  of  the 
solute  and  also,  increasing  the  mobility  of  the  soliite  ions.  The  results 
of  these  experiments  were  inconclusive  since  no  significant  Improvement  of 
the  electrolyte  conductivities  was  obtained. 

HALF  CELL  STUDIES  .. 

Half  cell  studies  have  been  conducted  to  detennine  whether  the  couples, 
which  have  been  selected  because  of  their  hi^  free  energies  of  reaction 
and  low  equivalent  weights,  can  serve  as  anodes  and  cathodes  in  a  battery. 
Several  electrochemical  requirements  must  be  met  to  achieve  hi^- energy 
densities  and  trouble-free  operation  of  the  battery: 

1.  The  electrode  potentials  at  open  circuit  shoTild  be  close  to 
the  potentials  calculated  from  the  thermodynamic  values. 

2.  The  electrodes  should  polarize  little  when  current  is  applied, 

3.  The  electrode  potential  should  not  appreciably  change  during 
the  discharge  or  charge. 


4.  The  CPU lambic  efficiencies  of  the  electrode  reactions  should 


be  hi^. 


*The  data  presented  in  Table  IV-A  are  not  truely  representative  of  this 
trend,  since  the  viscosities  shown  are  those  for  the  solvents  and  not  the 
solutions,  the  viscosities  of  which  may  be  several  times  larger  than  those 
for  the  pure  solvents. 
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5.  The  electrode  reactions  must  "be  reversible  in  order  to  be  useful 
for  application  in  secondary  batteries . 

Electrochemical  Techniques 

Half  cell  measurements  have  been  used  to  study  the  electrochemical 
behavior  of  anode  and  cathode  separately  which  is  not  possible  when  these 
electrodes  are  conibined  in  a  complete  cell. 

The  techniques  commonly  employed  in  half  cell  invest  lotions  have 
included  the  following: 

1.  Potentiometric  measurements.  The  relationship  between  the 
electrode  potential,  E,  and  the  concentrations  of  potential  determining 
species,  Cq  and  Cp,  is  studied.  Conformity  to  the  Nemst  equation. 


E  =  E°  -  M  In 

nF  TT- 


is  assumed  to  indicate  that  the  electrode  reaction  is  reversible. 

2.  Steady-state  cirrrent- voltage  measurements.  The  electrode 
potential,  E,  is  measured  as  a  function  of  the  current  density,  i.  From 
the  intercept  and  slope  of  a  Tafel  plot  of  the  data  (in  i  vs  e)  the  ex- 
diange  current  density,  V.  and  transfer  coefficient,  a  ,  vdiich  are 
characteristic  of  the  kinetics  of  the  electrode  reaction,  can  be  determined. 
The  limiting  current,  -vdilch  is  a  measure  of  the  maximum  obtainable  rate 
of  an  electrode  r^iction,  under  a  given  set  of  conditions,  is  another 
parameter  which  is  commonly  measured  under  steady-state  conditions. 

3.  Cyclic  and  linear  voltammetry.  The  current  is  measured  ^ile 
the  electrode  potential  is  scanned  in  either  the  cathodic  or  anodic 
direction.  Peak  ciirrents,  and  peak  potentials,  E  ,  which  arc 
characteristic  of  the  electr&e  reaction,  are  observea.  By  varying  the 
rate  and  direction  of  the  potential  scan,  inf ormation  about  the  reversibility 
of  the  reaction,  and  number  of  electrons  and  number  of  steps  involved  in  the 
reaction  can  be  gained. 

Chronopotentiometry.  A  constant  current  pulse  is  applied  to 
a  working  electrode,  and  the  electrode  potential  measured  as  a  function  of 
time.  Depletion  of  the  electroreactive  species  at  the  surface  of  the 
electrode  is  marked  by  a  shar^  change  in  the  electrode  potential,  and  the 
time  elapsed  from  the  start  of  the  pulse  to  the  change  in  potential  is 
designated  the  transition  time,  t  ,  For  a  diffiision  controlled  reaction, 
the  current  density,  i,  bulk  concentration  of  electroactive  species,  C,  and 
transition  time  are  related  by  the  equation, 

JL 

~  =  constant. 

C 

Deviation  from  this  behavior  indicates  that  the  electrode  process  is  not 
diffusion  controlled. 
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5.  Coulometric  techniques.  An  electrode  containing  a  known  amount 
of  active  material  is  discharged,  and  the  number  of  coulombs  delivered 
during  the  discharge  measured.  The  theoretical  capacity  of  the  electrode 
is  given  by  the  equation, 

TJI  M 

capacity  (coulombs)  = — ^ 

where  F  is  the  Faraday  (96.5xl(P  cotilonibs),  M  is  the  weight  of  active 
electrode  material,  and  A  is  the  equivalent  weight  of  the  electrode 
material.  The  coulombic  efficiency  is  then  calculated  using  the  equation. 


efficiency  (^)  = 


coulombs  observed 
theoretical  coulcnibs. 


X  100 


The  cycling  efficiency  for  a  secondary  system  is  calculated  using  a 
similar  e:}q>res8lon. 


cycling  eff. 


coulombs  discharged 
coulombs  charged 


X  100  . 


6.  Discharge  measurements.  Electrodes  are  discharged  either  at 
constant  current  or  constant  load,  and  the  electrode  potentials  measured  as 
a  function  of  time.  The  electrode  polarization  and  the  coTilonfcic  efficiency 
can  be  directly  evEj.uated. 

The  Lithium  E3.ectrode  in  Primary  Systems 


The  lithium  electrode  has  been  found  to  be  reversible  in  several 
electrolytes.  Illustrative  of  these  findings  are  potentiometric  studies 
conducted  on  the  system 

Li/LiCl(  c  )-IMP//LiCl(  IF  )-mPA<i 

the  potential  of  wich  ims  founl^to  obey  the  Nernst  equation  over  the  LiCl 
concentration  range  10"^  <  c  <  IF,^^  and  the  systan 

Li/LiClO^C  c )-PC//LiC104( 0 . 5 )-PC/Li 

which  obeys  the  Nernst  equation  over  the  LiClOh  concentration  range 
0.IP<c<l.CF.%  ^ 

The  relationship  between  current  and  potential  for  lithium  electrodes 
has  been  measTired  under  steady-state  conditions  in  a  number  of  electrolytes 
In  general,  it  has  been  found  that  the  polarization  of  this 
electrode  is  small.  The  following  sequence  is  observed  irtien  the  electro¬ 
lytes  (if)  are  arranged  in  the  order  of  increasing  polarization; 


KPF6-MP<  LiClO^-MF  <LiAlCl4-m<KSCN-rMF<  KSCN-BL  <  LiClOjj-PC  < 

<HaPF6-PC  <L1A1C1|^-PC. 

The  effect  of  solvent  appears  to  be  more  pronounced  than  that  of  the 
solute. 
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exchange  current  density  for  the  lithium  electrode  has  heen  found 
to  Isciipn  the  order  of  1  ma/cn^  in  electrolytes  containing  PC,  BL,  IMP, 

IMSO,  and  PC-BM^^  mixtures.  This  high  exchange  cxirrent  indicates  that 
the  lithium  electrode  is  fairly  reversible. 

The  coulooibic  efficiencies  of  lithium  anodes  vary  Between  70^  and 
100^  depending  on  the  electrolyte  used.  Further,  the  efficiencies  are 
relatively  independent  of  the  current  density  as  long  as  the  current  is 
below  its  limiting  value.  These  observations  are  Illustrated  in  Table  V 
where  representative  coulcmbic  efficiencies  are  listed  for  variotis  electro¬ 
lytes  and  current  densities. 


TABLE  V 

COULOMBIC  EPFICIENCY  OP  LITHIUM  ANODES 


Current  Coulcmibic 

Density  Efficiency 

Electrolyte  (ma/cnr)  (^)  Reference 


0.5P  LjBF]^-PC 

23.5 

81 

4l 

U.8 

78 

4l 

l.CF  LIBF4-BL 

35.3 

92 

4l 

17.7 

98 

41 

1.8 

83 

4l 

l.OP  LiClOj^-PC 

10.0 

70 

V9 

5.0 

73 

49 

1.5 

73 

49 

2. OF  LiClO^-MC 

2.0 

90 

49 

l.QF  LlC10]|^-Cycl6hexanone 

2.0 

70 

49 

The  effect  of  electrode  composition  and  fabrication  on  the  coulonbic 
efficiency  of  lithium  anodes  has  also  been  investigated.  The  methods  of 
electrode  preparation  have  included  the  following: 

1.  Pressing  or  rolling  lithimn  ribbon  onto  metal  screen  made  of 
copseTf  silver,  nickel,  or  aluminum.^>°^9#12, 14,21,30,49 

2.  Pressing  lithium  powder  with  or  without  conducting  additives 
onto  metal  screens. 2i#3o,49 

3.  Dipping  nickel  screen  into  molten  lithium.^* 

!19ie  method  of  preparation  which  is  simplest  and  ^Ich  appears  to  give  the 
best  results  in  terms  of  least  polarization  and  highest  efficiency  is  that 
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of  pressing  or  rolling  tJiP  lithin®  onto  screens.  Dipping  of  nickel  screen 
into  molten  lithim  ga?e  the  least  satisfactory  results  due  to  uneven 
distribution  and  poor  adherence  of  the  metal. 

It  has  heen  found  that  lithiiar'.  eS.ectrodes  can  he  stored  in  an  argon 
atmosphere;,  in  paraffin  oil,  or  in  LiClOj^^-PC  electrolyte  for  several  months 
without  losing  coulombic  efficiency  or  shwiring  increased  polarization. 

It  has  also  been  showti  that  etching  lithium  electrodes  with  methanol  is 
deleterious  since  it  results  in  electrodes  which  poJnrize  severely  at  the 
beginning  of  their  discharge.  This  may  be  due  to  film  formation  on  the 
electrode  surface  during  the  etch  procedure. 

The  Lithium  Electrode  in  Secondary  Systems 

In  secondary  or  storage  battery  applications  it  is  necessary  that  the 
lithium  electrode  operates  efficieniJ-y  not  only  during  discharge,  but  also 
during  charge.  Therefore,  consider8.b3.e  work  has  been  done  in  studying  the 
electrodeposition  of  lithium. 

One  of  the  primary  objectives  of  this  work  has  been  to  obtain  coupact, 
adherent  deposits  on  a  variety  of  metal  substrates.  In  pursuing  this  goal* 
many  variables  have  been  investigated  including  the  effects  of  electrolyte 
composition  and  concentration,  cathodic  ciurrent  density,  and  amount  of 
lithium  deposited.^/^^>^^>^l#^9  Best  results  have  been  obtained  by 
depositing  lithium  from  concentrated  solutions  of  LiClOj^  or  LiAlClj|^  in  PC, 
LiAlCl]^  in  114,  or  LiAlClj,  in  an  M-PC  mixture.  10  ma/cn^  appears  to  be  the 
optimum  current  density  for  deposition  from  these  solutions.  Under  these 
condition^  grey,  dendx*itic,  fairly  adherent  deposits  were  obtained.  The 
adherence  of  the  deposit  was  sli^tij'’  improved  by  the  presence  of  0.2^  of 
the  sodium  salt  of  Bhodamine  B  or  of  disodium  fluorescein  in  the  LiAlCl^-PC 
solution.  Coarser,  more  dendritic  deposits  were  obtained  when  the  ciirrent 
density  and/or  when  the  total  amoimt  of  llthlm  deposit  were  increased. 

When  deposition  of  lithium  was  carried  out  from  solutions  containing 
^Cl3  it  was  generally  found  tliat  small  amounts  of  alizninum  were  co-deposited 
with  the  metal.  The  amount  of  aluminum  co-deposited  depended  on  the  com¬ 
position  of  the  electrolyte  and  the  current  density.  When  deposition  was 
carried  out  at  2  ma/cmr  from  a  solution  which  was  7.5F  AlCl,^,  saturated  with 
LiCl  in  PC,  it  was  found  that  the  co-deposit  amo\mted  to  approximately  2^  by 
weight. For  a  solution  which  was  0.35?  A1C1_,  0,15F  LiCl  in  PC^the 
following  results  were  obtained  when  8.6  covlcm/a^  were  deposit^  on 
copper  stibstrates;^® 


current  density  (ma/cm^)  5  9  15  21  30 

weight  A1  4o  9  38  50  72 

The  coulombic  efficiency  of  anodic- cathodic  cycling  is  of  great 
significance  in  secondary  battery  applications  of  the  lithiian  electrode. 
A  summary  of  the  results  of  measurements  of  cycling  efficiencies  is 
presented  in  Table  VI. 
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TABLE  VI 


CYCLIHB  EETICIENCIiS  OP  LITHIUM  ELECTRODES 


Effect  of  Electrolyte  Composition  on  Cathodic  and  Anodic 
Efficiencies^^ 

Current  density:  2  ma/cn^  on  charge  and  discharge 
Conditions:  3  min.  cathodic  deposition;  anodic  stripping 
to  cut-off  of  2,0V  vs  lithitm  reference  electrode 
Siibstrate:  Nickel 


Electro! 


Coulcmiblc  Efficiency 
Cathodic  Anodic 


0,6kF  LiClOi^-PC 
O.63P  LiAlClj^-PC 


95-1005^ 

95-100^ 


Effect  of  Electrolyte  Composition  on  Cycling  Efficiencies 
Substrate:  Polished  platinum  disc 

Current  density:  Equal  for  hoth  charge  and  discharge  in 
all  cases 


Electrolyte 


Amount 

Deposited 

(coul/cn^! 


Current 

Density 

[ma/cmS) 


Cycling 

Efficiency 


0.3P  LiBF^-BL 
O.IP  LiEPk-AN 
O.5P  LiClOk-BL 
O.IP  Lido^-mso 
0.05P  LiClO^-PC 
O.IP  LiClOk-PC 
0,2P  LiClOi^-PC 
0.3P  LiC10i,.-PC 


51 

22-35 

84 

71 

4 

76-78 

78 

80 


Effect  of  Current  Density  on  Cycling  Efficiency 
Electrolyte;  0.3P  LiClOjj^-PC 
Substrate:  Polished  platinum 
Amount  Deposited:  1  coul/cn^ 


Current  density  (ma/cm^) 
Cycling  Efficiency  (^) 
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TABLE  YI  (CJOWTD) 

kl 

D.  Effect  of  Amouct  Deposited  on  Cycling  Efficiency 
Electrolyte:  l.OP  LiBF|,-PC 

Current  density;  25  ma/cn^  oathodicj  100  ma/cn^  anodic 
Substrate:  Polished  platinum  disc 

Amount  deposited  (coul/ca^)  1.5  3»0  6,0  30*0 

Cycling  efficiency  Xi)  6?  75  46  36 

4l 

E.  Effect  of  Siibstrate  on  Cycling  Efficiency 
Electrolyte:  0.5F  LiAlClj^-PC 

Current  density:  10  ina/cn^  hoth  cathodic  amd  anodic 
Amount  deposited:  5  coulcmbs/cor 

Electirode  material  copper  copper  silver  platinum  beryllium 

(flat)  (porous)  (flat)  (flat)  (flat) 

Cycling  Efficiency  (^6)  75  86  95  98  63 

liO 

F.  Effect  of  Water  on  Cycling  Efficiency 
Electrolytes:  0,2P  LICIOl-PC 

Curr«rt  density:  5  ma/cnr  both  cathodic  and  anodic 
Amount  deposited:  O.15  coul/cm^ 

Conditions:  Anodically  stripped  until  steep  Increase  in  voltage 

Water  added  (mole/lit)  0.00  0.01  0.12  0.42  O.6I 

Cycling  Efficiency  (?t)  50  45  33  I8  5 


Both  the  solvent  and  solute  used  in  making  up  the  electrolyte  affect 
the  efficiency  of  cycling.  The  data  ^ich  axe  so  far  available  on  the 
effect  of  electrolyte  composition  on  the  cycling  efficiency  do  not  allow 
a  quantitative  ccmpaxison.  However,  a  comparison  may  be  made  qualitatively. 
The  solvents,  given  in  ox^ier  of  decreasing  cycling  efficiency,  are 


PC  =  BL>]CMS0>AN. 


The  soltxtes,  listed  in  order  of  decreasing  cycling  efficiency,  are 


LiC10i^>LlAlClj^  =  LlBFj^. 


The  concentration  of  the  solute  has  little  effect  on  the  cycling 
efficiency  of  the  lithium  electrode  except  in  so  far  as  the  concentration 
affects  the  limiting  current  of  the  electrode  reaction.  The  cycling 
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efficiency  increases  only  sli^tly  vith  increasing  concentration  of  solute. 
When  the  liailting  current  is  exceeded,  the  cycling  efficiency  is  drastically 
reduced.  This  phenonenon  is  illustrated  in  Tiible  VI-B. 

The  current  density  appears  to  have  little  effect  on  the  cycling 
efficiency  of  the  lithium  electrode  as  long  as  the  current  does  not  exceed 
the  limiting  current  for  the  system.  ^  There  have  heen  experiments  conducted 
which  tended  to  indicate  that  there  was  d  dependence  of  the  cycling  efficien¬ 
cy  on  the  current  densityj  however,  in  these  esipexdinents  the  total  amount 
of  lithlTSB  deposited  was  not  kept  constant,  and  it  has  been  shown  that  the 
amourt  of  lithium  does  have  an  effect  on  the  efficiency  of  the  deposition. 
0.4,41  was  found  that  the  greater  the  amount  of  lithium  deposited  the 
lower  the  efficien<qr.  The  effects  of  ctirrent  density  and  amount  of  lithium 
deposited  are  illustrated  in  Tables  VI-C  emd  VI-D. 

The  metal  sdbstrate  onto  which  lithium  is  deposited  has  some  effect  on 
the  cycling  efficiency.  The  highest  efficiencies  have  been  obtained  with 
platinum,  silver,  and  alumlxnim  substrates.  It  appears  the  lithium  fonos 
alloys  with  these  metcOs  as  is  indicated  by  the  fact  that  during  anodic 
stripping  of  electrodeposlted  films  of  lithium,  the  potential  shifts 
gradually  toward  more  positive  values.  On  nlclEel,stalnless  steel,  and 
beryllium  substrates,  the  efficiency  is  usually  less.  Anodic  stripping  of 
lithium  deposits  on  these  metals  gives  constant  potentials  until  the  deposits 
have  been  entirely  c(nuramed,at  which  time  a  sudden  potential  step  occurs. 

This  indicates  that  no  alloys  form  between  lithium  and  these  substrates. 

The  efficiency  of  cycling  for  llthltnn  electrodes  tends  to  decrease  as 
the  nuaiber  of  cycles  increases.  At  best,  the  cycling  efficiency  for  lithium 
electrodes  appeara  to  be  about  85^.  The  reasons  for  this  low  value  are  not 
entirely  understood,  however,  the  processes  most  lihely  responsible 
follow: 


1.  Loss  of  electzdcal  contact  during  anodic  discharge  due  to  a 
preferential  attack  at  the  base  of  lithium  dendrites.  This  idea  is 
supported  by  the  fact  that  hi^er  efficiencies  are  obtained  when  alloy 
forming  siibstrates  are  used.  If  the  base  of  the  dendrite  were  alloyed  it 
would  be  less  reactive  than  pure  lithium.^^ 

2.  Mechanical  loss  of  electrodeposlted  lithium.  This  is  supported 
by  ttie  fact  that  efficiency  is  dependent  on  amount  of  lithium  deposited 
idilch  indicates  that  as  more  lithium  is  deposited  the  deposit  becomes  less 
adherent 


3*  Alloy  formation  with  siibstrate  material.  It  has  been  shown  in 
cases  ^ere  alloying  was  suspected  that  not  all  of  the  lithium  on  the 
electrode  was  utilized  during  an  apparently  complete  anodic  discharge. 

4.  Occurrence  of  side  reactions  which  consume  lithium,  but  produce 
no  electricity.  The  decrease  of  efficiency  with  increasing  number  of  cycles 
indicates  a  buildup  of  deleterious  isQiuritles  throu^  side  reactions 
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Mass  Transport  Linltations  of  the  Lithitm  Electrode 

Experimental  e*-ridence  is  aTOllstple  •which  indicates  that  "both  the 
cathodic  and  anodic  reactions  of  the  lithiian  electrode  are  diffusion  con¬ 
trolled.  The  e-vidence  which  leads  to  this  conclusion  has  heen  collected  by 
measurements  of  limiting  currents  and  by  measurements  of  chronopotentiometric 
transition  times.  Limiting  currents  for  both  the  anodic  and  cathodic 
reactions  have  been  observed  and  are  listed  in  Table  VII-A. 


TABIeE  VII 

LBOTIUG  CURRENT  DENSITIES  CHRONOPOTENTIOMETRIC 
CONSTAiOTS  OF  THE  LITHIUM  ELECTRODE 

A,  Limiting  Current  Densities,  i^. 


Electrolyte 

Agitation 

Reaction 

tma/cm*^) 

Ref. 

0.15F  LiCl,  0.35F  AlClo-PC 

Stirred 

Cathodic 

15 

4o 

0.32F  LiAlClj^,  0.64F  AlCl^-PC 

Unstirred 

Cathodic 

0.55 

14 

Anodic 

13 

14 

O.63F  LiAlCl4-PC 

Unstirred 

Cathodic 

l4 

14 

Anodic 

13.8 

14 

0,05  LiClO^-PC 

stirred 

Anodic 

k 

4l 

O.IQP  LiClO^-PC 

Stirred 

Anodic 

11 

4l 

0.2F  LiC10||^-PC 

Stirred 

Anodic 

21 

41 

O.SOF  LiClOi^-PC 

Stirred 

Anodic 

26 

4l 

1  /  It] 

B,  Chronopotentiometric  Constants,  ira/C,  for  Cathodic  Reactions 


Electrolyte 

Concentration 

irVc 

LiClOj^-PC 

.05F<C<.3F 

200  +  15 

Licio,  -mso 

4 

O.IF 

280  +  20 

LiBFij^-rMF 

O.IF 

395  +  20 

LiBFj^-AN 

.05F;  O.IP 

633 

LlAlClj^-BL 

0.2F 

285 

ChronopotenticHuetric  methods  have  been  used  to  determine  the  characteristics 
of  the  cathodic  reactions  of  the  lithium  electrode.  If  the  quotient. 
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iT?/C,  ^ere 

i  =  current  density  of  galvanostatic  pulse 
T  =  chronopotentiometrlc  transition  time 
C  ®  electrolyte  b\ilk  concentration 

is  constant  over  a  vide  rsuige  of  current  densities  and  concentrations,  this 
is  assisaed  to  be  indicative  of  a  diffusion  controlled  reaction*  As 
illustrated  in  Table  VX,  this  behavior  has  been  observed  in  several  cases* 

Other  Anodes 


Magnesium,  calcium,  aluminum,  and  bezylllum  have  all  been  investigated 
for  possible  use  as  high-energy  density  anodes*  The  results  so  far  obtained 
have  been  unpromising* 

The  potentials  at  open  circuit,  and  dmdng  anodic  discharge  have  been 
meas\ired  for  each  of  these  metals  The  resxilts  were  much  less 

reproducible  than  for  the  lithium  electrode*  During  discharge,  voltage 
oscillations  and  transients  were  coomon,  idxlch  Indicates  that  these 
electrodes  are  not  as  reversible  as  the  lithium  electrode,  that  under 
some  conditions  these  electrodes  tend  to  form  passivating  films* 

The  Cotyper  Fluoride  Electrode 

Copper  fliioride,  CuF2>  been  extensively  studied  for  possible  use 
as  a  cathode  material  in  high-energy  density,  primazy  batteries*  The 
characteristics  which  qualify  it  for  this  tise  are  a  low  eq[aivalent  weight, 
hl^  free  energy  of  reaction  and  an  ability  to  discharge  with  high  coulcmibic 
efficiency  and  low  polarization  in  organic  electrolytes*  No  sxu:ce8sful  tise 
of  CuF2  secondary  batteries  has  yet  been  accomplished  since  no  system 
has  been  devised  ^ich  will  jarovlde  the  fluoride  ions  necessary  for  re~ 
chargii]g  this  electrode* 

The  discharge  chazacteristlcs  of  CiiFo  electrodes  are  greatly  affected 
by  the  solvent,  solute,  and  solute  conceinration  of  the  electrolyte*  In 
soB»  electrolytes  a  constant  decrease  in  potential  is  observed  during 
discharge,  while  in  others  the  potential  is  found  to  remain  fairly  steady 
until  the  CuFo  has  been  almost  completely  consumed*  Systems  ^Ich  ex¬ 
hibited  this  later  b^iavior  include  solutions  of  LlC10i|.  and  Mi,SCN  in 
2-pentanone,  2,A-pent£uiedlone,  ethylacetate,  PC,  MF,  and 
Electrodes  discharged  in  these  electrolytes  also  gave  better  coulosflalc 
efficiencies  than  those  discharged  in  systems  in  'vdiich  no  voltage  plateau 
was  observed*  Generally  speaking  LiClO]^  electrolytes  give  the  best  results 
in  terms  of  efficiencies  and  polarization  >dille  electrolytes  containing 
hexafluorophosphates  give  the  poorest  results*  The  effect  of  electrolyte 
on  the  behavior  of  CUF2  electrodes  is  simimarized  in  Table  VIII-A* 

Bie  effect  of  solute  concenbratlon  on  the  efficiency  of  CUF2  electrodes 
has  been  studied  with  LiClJ0]|,-PC  electrolytes*  The  results  show  tiliat  the 
efficiency  increases  as  the  concentration  Increases  up  to  a  value  of  1*2^, 
emd  then  decreases  as  the  concentration  increases  further  (Table  VUI-B)* 
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TABLE  VIII 


THE  COPPER  FLUORIDE  CATHODE 

A,  Effect  of  Electrolyte  on  Voltcige  Plateau  and  Coulooibic  Efflciency^^ 
Cathode:  CuP2,  lOjt  grafhlte,  5  ^  TOlyethylene  powder,  prassed 

3  Bin  at  90Oc  and  4000  Ib/caF 

Discharge:  2  xoB^/cssr  at  rooa  teBpezatxire  to  final  Toltage  of  0  V 
vs  lithium  reference  electrode 


Electrolyte 

Coulooibic 

Efficiency 

. m  .  - 

Plateau 

Voltage 
(V  vs  Li) 

I.25F  LiC10|^-2-pentanone 

60 

3.^ 

I.25F  LiClX)]^  -  2,if-pentanedione 

25;  >80 

3.0;  2.1  (2  plateaus) 

l.CF  LlClOi^  -  cyclohexane 

ko 

2.5 

2.25F  LiClOjj  -  ethyl  acetate 

60;  >80 

3«V;  1.6  (2  plateaus) 

2. OF  LlClO]^  -  dimethylcarbonate 

65 

3.5  -♦  0  (no  plateau) 

2. OP  LiClOj^  -  dlmethylsulfite 

30 

3.0 

l.OF  LiClOj^  -  PC 

75 

3.3 

1.35F  -  PC 

>60 

2.1 

I.I5F  KSCN  -  PC 

60 

2.0  -*  0  (no  plateau) 

I.I5P  AICI3  -  PC 

k 

3.^  -♦  0  (no  plateau) 

l.OF  KPF5  -  PC 

2 

2.2  —>0  (no  plateau) 

ko 

B.  Effect  of  Solute  Concentration  on  Coulooibic  Efficiency  ^ 

Cathode:  8^^  CUF2,  10^  graphite,  yft  polyethylene  powder,  pressed 
3  Bln  at  90®C  and  l»-000  lb/c«? 

Electrolyte:  LICIOl  -  PC 

Discharge:  2  ma/o^  at  room  temperatxure  to  final  voltage  of  0  V 
vs  llthiuB  reference  electrode 


LiClOi,,  concentration  (F) 

0.25  0.50  0.75  1.00  1.25  1.50 

Conlcoibic  Efficiency  (^) 

15  37  65  75  77  72 
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TABLE  VIII  (COBTD) 


C«  Effect  of  Cuxrent  Density  on  Voltage  Plateau  and  Coulomb ic 

Efficiency*9 

Cathode:  85^  CuFo^  lOjt  graphite,  polyethylene  powder  pressed 
3  min  at  90®C  and  kOOO  Jh/caF 
Electrolyte:  l.OP  IdClOj,^  -  PC 

Discharge:  Roan  teo^ratufe  to  final  voltage  of  0  V  vs  lithium 
reference 


Cathodic  current  density 

2 

k 

6 

Couloniblc  Efficiency  (^} 

76 

63 

59 

Plateau  Voltage  (volts  vs  Li) 

3.3 

3.25 

2.9 

D.  Effect  of  Temperature  on  Voltage  Plateau  and  Coulooabic  Efficiency  ^ 
Cathode:  89^  0v3?2i  graphite,  55^  polyethylene  powder  pressed 
3  Bin  at  90^0  and  4000  Ib/egr 
Electrolyte:  l.CF  LICIDl  -  PC 

Discharge:  2  ma/cn^  to  final  voltage  of  0  V  vs  lithium  reference 
electrode 


Temopereture  (®c) 

0 

15 

30 

40 

60 

Coulosibic  £fficlency(^) 

28 

42 

60 

55 

70 

Plateau  Voltage  (volts  vs  Li) 

3.3 

3.3 

3.4 

3.4 

3.5;  1.7* 

'XiSfO  plateaus  oibserved. 


One  of  the  chief  factors  idiieh  limits  the  application  of  the  CuF2 
electrode  is  that  its  behavior  is  very  sensitive  to  the  current  density  at 
which  it  is  operated.  It  has  been  found  that  as  the  current  density  in¬ 
creases,  both  the  couloidl>ic  efficiency  and  the  potential  of  the  electrode 
decrease. ^3 » 29  jbls  point  is  illustrated  in  Table  VIII-C. 

The  behavior  of  CUP2  electrodes  is  stron^py  iitfluenced  by  the  cobh 
position  of  the  material  and  the  technique  used  to  fabricate  the  electrodes. 
The  following  methods  of  electrode  preparation  have  been  investigated: 

1.  Pasting  a  mixtum  of 
solvent  onto  a  metal  screen.  ^3 


Cwg^^eonduetive  additive,  binder,  and 


2.  Preparing  a  filter  calce  conductive  additive,  and 

eterlal  on  a  metal  screen- 5,1,21,30 


fibrous  material  on  a  metal  sczeen. 

3.  Pzessing  a  dry  mixture 
fibrous  material  onto  a  met»l  screen 


3.  Pleasing  a  dry  mixture  of  CuPg,  conductive  additive,  and 

,o»^3>  29,30^^9 


4.  Hot  pressing  a  mi^ure  of  CUF2,  conductive  additive,  and 
binder  onto  a  metal  screen.^3,^9 
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5.  Sintering  CuPg  onto  a  metal  sheet. ^3 >30 

ug 

6.  Chemically  reacting  CuO  with  Brf'j. 

7.  Anodic  oxidation  of  copper  electrodes  in  fluoride  containing 

electrolytes . 30> ^9 

Each  method  of  electrode  preparation  has  a  tmique  set  of  variable 
parameters  associated  with  it.  Eiese  parameters  may  include,  for  example, 
particle  size,  amount  and  kind  of  conductive  additive,  amount  and  kind  of 
binder,  compacting  pressure  and  temperatTire,  or  plate  thickness.  The 
situation  is  further  complicated  by  the  fact  that  many  of  these  parameters 
are  interrelated,  so  that,  for  example,  the  kind  of  binder  chosen  affects 
the  compacting  ten^jeratiu:^,  ■vdiile  the  particle  size  would  affect  the  optimum 
compacting  pressure  and  plate  thickness.  This  interrelation  of  the 
variables  makes  the  Job  of  evaluating  a  particular  electrode  quite  comidex, 
and  causes  considerable  difficulty  irtien  attempts  are  made  to  compare  the 
perfozmance  of  electitsdes  prepared  by  different  methods.  However,  it  is 
felt  that  a  dlsciission  of  the  performance  of  electrodes  prepared  by  the 
various  methods  enumerated  in  the  preceding  paragraph  is  of  value,  since  it 
serves  to  indicate  which  methods  of  preparation  may  be  foimd  useful  in  the 
future,  and  also  shows  which  methods  have  proved  to  be  \msatisfactory. 
Therefore,  a  presentation  of  some  of  the  test  results  for  the  various  pre¬ 
parative  methods  is  included  below: 

1*  Fasted  Electrodes: 

A.  A  mixture  of  705^  CuFo  30?^  silver  fLeike,  wetted  with 

xylene,  has  been  pasted  onto  cm  expemded  silver  mesh,  placed  in  a  vacuum  to 
remove  the  solvent,  and  baked  at  200°C.  When  discharged  in  HaPFg-PC  or 
NalFg-BL  to  2.0  V  cut-off  (vs  Li  reference), this  type  of  electrode  yielded 
J2^  couloniblc  efficiency.^3 

B.  A  mixture  of  $0^  CuFg,  9J(>  grajdiite,  and  1^  cellulose 
acetate  +  solvent  (lO^  methanol,  90^  ethyl  acetate)  was  pasted  on  a  metal 
screen  so  that  it  had  a  thickness  of  0.025”  after  evaporation  of  solvent. 
Discharged  in  4 .TP  LiClOij^'^ff  at  10  ma/cn^  these  electrodes  yielded  60~J0^ 
couloniblc  efficiency  with  an  average  voltage  of  2.7  V*  Electrodes  of  this 
type  appear  to  be  suitable  for  discharge  at  the  1-10  hour  rate.® 

2.  Filter  Cake  Electrodes: 

A.  A  mixture  of  77-90^  CuPg,  7-16^  graphite,  and  3-7^  paper 
fiber  was  stispended  in  heptame,  filtered  in  a  paper  sheet  mold,  pressed  at 
60-500  psi,  and  vacuum  dried.  The  loading  of  electrodes  prepared  in  this 
fashion  was  about  1.8  g  of  CuFg/in^.  These  electrodes  were  discharged 
across  constant  loads  of  200n  and  lOOCl  with  coulooibic  efficiencies  of  8l^ 
and  65^  respectively.  The  average  voltage  was  greater  than  2.5  V  vs  a 
lithium  reference.  Losses  of  efficiency  were  attributed  to  incooqplete 
wetting  of  the  electrodes,  especlaUy  when  the  amount  of  graphite  was  hl^ 
and  the  amount  of  paper  fiber  low.°>”  Coulooibie  efficiencies  were  not 
greatly  affected  by  the  thickness  of  the  filter  cake  in  the  region 

0.05-0.15".' 
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B.  80g  of  CuFg  were  ball-milled  in  PC,  blended  with  lOg  of 
graphite  fiber,  and  lOg  of  powdered  graphite,  copper  or  silver.  This 
mixture  was  filtered  to  fonn  a  cake  which  was  sandwiched  between  e^^anded 
copper  mesh.  Discharged  in  l.CP  LiClOj^PC  at  1  ma/cn?  these  electrodes 
yielded  up  to  585^  coulonibic  efficiency.  ^ 

3»  Dry  Pressed  Electrodes: 

A.  A  mixtiure  of  86^  CuFg,  71^  graphite,  and  7%  paper  fiber  was 
pressed  onto  metal  screen  at  5000  psiT  This  type  of  electrode  had  low 
coulonibic  efficiency  due  to  slow  and  incomplete  wetting  by  the  electrolyte.® 

B.  A  mixture  of  78-92^6  CuF2,  5-11?^  fibrous  material,  and  3-ll?t 
acetylene  black  was  pressed  at  10,000-20,000  psi  to  form  the  electrode.  When 
discharged  at  1-10  aa/ca^  in  l.OF  (Cgfic)  (|^)3MPP5-IWP  or  l.CF  LiC10j.-PC 
this  type  of  electrode  polarized  severeiy.^9*^ 

C.  A  mixture  of  885^  CUF2,  10^  graphite,  and  2^  glass  filter 
paper  floe  was  pressed  at  500  psi  at  room  temperature.  These  electrodes  had 
poor  m^hanlcal  strength  and  yielded  6l^  efficiency  idxen  discharged  at 

2  ma/enr  in  l.OP  IdClOj^-PC.  When  fabricated  with  higher  compacting  presstires, 
these  electrodes  had  greater  mechanical  strength,  but  yielded  lower  coulonibic 
efficiency  due  to  incon^ete  react  ion.  ^9 

4.  Hot  Pressed  Electrodes: 

A  dry  mixture  of  85^6  CuFg,  lOjt  graphite,  and  a^theiaoplastic 
binder  (polyethylene^  Teflon^  FVC-FVA  copolyxaeres)vas  pressed  onto  esqpanded 
copper  mesh  at  3000-l»^000  psi  and  90^0  for  3  min.  The  loading  was  about  0.2g 
mix/cae.  Discharged  at  2  ma/cn?  in  1.<F  LiClO^-PC  coulonibic  efficiencies 
of  65-805^  at  average  voltages  of  3*3  V  were  obtained.^ 

5.  Sintered  Electrodes: 

A.  CuFg  powder  was  pressed  at  200®C  onto  copper,  aluminum,  or 
nickel  screens.  When  discharged  in  (CgH^)  (CH3)3l®FPg-IWP  electrodes  of  this 
type  polarized  severely.  3® 

B.  A  mlxtirre  of  CUF24  conductive  additive,  and  thezmoplastlc 
binder  (acrylic  dissolved  in  xylene)  was  pasted  onto  a  metal  screen,  vacutm 
dried,  and  heated  to  150®C  i^H»re  the  binder  sintered.  Discharged  in  llaEP5-PC 
and  NaPFg-BL,  electrodes  of  this  type  showed  low  polarization  and  fair 
coulonibic  efficiency .^3 

C.  A  mixture  of  CiiF2  and  silver  or  copper  flakes,  supported 
on  a  metal  sheet  without  binder,  was  sintered.  Discharged  at  0.2  ma/m^ 
in  NaPPg-PC  electrodes  of  this  type  yielded  57^  efficiencies  at  average 
voltages  of  2. 0-2. 5  V  vs  a  lithium  reference. ^3 

6.  Electrodes  Formed  by  Chemical  Reaction: 

An  attempt  was  nade  to  prepare  Cu]^  electrodes  by  reacting 
porous  CuD  electrodes  with  Brf^.  No  CuFg  was  fSrmed  by  this  method.^^ 
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J.  Electrodes  Prepared  bjr  Anodic  Oxidation  of  Copper; 

Attempts  were  made,  to  fom  CuF2  by  anodic  oxidation  of  copper 
electrodes  in  AsF^-PC  sol\itions^9  and  in  aqueous  HP  solutions. 30  No  success 
vas  attained. 

The  temperattire  at  which  CUF2  electrodes  are  discharged  affects  their 
behavior.  It  has  been  found  that  as  the  temperature  is  increased  the 
efficiency  of  the  electrode  reaction  increases.  However,  at  higher  temp¬ 
eratures  there  is  an  increasing  tendency  for  the  electrode  to  discharge  in 
two  steps  rather  than  in  one,  as  is  most  desirable.  For  example,  at  60°C 
a  second  plateau  at  1.7  V  is  observed  when  the  cathode  is  discharged  in 
IF  LiClOi^-PC.  (Table  VIII.) 

The  Copper  Chloride  Electrode 

The  copper  chlorides,  CUCI2  and  CuCl,  have  been  investigated  to  a 
considerable  extent  for  possible  use  as  cathode  materials  in  organic 
electrolyte  batteries.  These  compounds  have  an  advantage  over  CuFg  in  that 
systems  can  be  constructed  which  give  reversible  electrode  reactions. 
Therefore,  they  can  be  used  in  secondary  batteries,  whereas  CUP2  has  primary 
battery  applications  only.  and  CuCl  have,  however,  the  disadvantages 

that  they  provide  lower  energy  densities  and  are  more  soluble  than  C\iF2. 

The  behavior  of  CuClo  electrodes  during  charging  is  strongly  dependent 
on  the  nature  of  the  electrolyte.  Pure  copper  electrodes  can  be  anodically 
oxidized  in  0.5F  LiAlCljj,  solutions  of  PC,  BL,  IMSO,  and  AN  to  give  CuCl  with 
about  100^  couloniblc  efficient.  In  0.5P  LIAICIk  -  IMP,  however,  CuClp  is 
formed  with  lOOjt  efficiency.^^ 

Copper  powder  mixed  with  graphite  has  been  found  to  oxidize  in  steps, 
forming  first  CuCl  and  then  CUCI2  vhen  electrolyzed  in  l.OF  LiAlCl].-PC. 

When  all  of  pie  CuCl  had  been  consioned,  chlorine  gas  was  formed  on  further 
anodization.^  Under  steady-state  conditions  at  I-5  ma/cu^  the  following 
reactions  were  found  to  occur  at  the  potentials  indicated  (vs  Ag/AgCl 
reference  electrode); 


Cu  +  AlClJJ - ►CuCl  +  AlCl^  +  e" 

+0.2  V 

CuCl  +  AlClJ^ - ►CuCl^  +  AlCl^  +  e“ 

+0.9  V 

2AlClJ| - .►Clg  +  aAlCl^  +  2e" 

+1.7  V 

CuClg  undergoes  stepwise  reduction  to  CuCl  and 
of  1-5  ma/cn^  the  following  reactions  occur  at 
(vs  a^AgCl  reference  electrode); 

copper.  At  current  densities 
the  indicated  potentials 

CuCl^  +  AlCl^  +  e“ - ►CuCl  +  AlClJ^ 

+0.5  V 

CuCl  +  AlClj  +  e“- - ►Cu  +  AICI4 

-0.5  V 

The  coulojnbic  efficiency  of  CUCI2  reduction  varies  between  505^  and 
depending  on  the  electrode  structure,  volume  and  cooqposition  of  electrolyte. 
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and  discharge  rate.  These  low  efficiencies  are  explainable  in  part  hy  the 
fozioation  of  solxible  copper  species  such  as  CuCII  or  CuGlS  which  diffuse 
away  from  the  electrode  and  are  therefore  lost  to  the  reaction.  The  for^ 
nation  of  these  species  is  reduced  if  an  excess  of  A1C1_  is  preseut,  since 
the  reaction^  3 


Cl“  +  AlCl^  AICI4 


consumes  <*^ride  ions,  and  thus  prevents  their  reaction  with  the  copper 
chlorides.  This  explaxation  for  low  cpulooiblc  efficiency  is  supported  by 
the  following  esqperimentaJ.  observations:^ 


1.  The  couloidslc  efficiency  for  reduction  is  increased  when  excess 
AlClo  is  added  to  the  electrolyte.  The  efficiency  increases  from  505&  in  l.QF 
LlAlClji^  to  64^  irtien  a  0.5P  occess  of  AlCl^  is  present  in  the  same  electrolyte 

2.  Cathodic  efficiency  increases  from  6056  to  when  the  current 
density  is  increased  from  5  to  10  ma/cm?  with  l.OP  LiAlCl^-PC  electrolyte. 

In  this  case  it  is  postulated  that  the  copper  chloride  is^reduced  before  the 
soluble  compleros  have  a  chance  to  form  or  to  diffuse  into  the  bulk  electro¬ 
lyte. 


3*  The  formation  of  CuCl^  and  CuCl,  has  been  observed  in, 
conductometric  titrations  of  CuCl  and  CUCI2  solutions  with  LiCl-PC?^l 

The  Silver  Chloride  Electrode 

Silver  chloride,  AgCl,  has  been  found  to  tuidergo  reversible,  efficient 
electrode  reactions  in  a  nionber  of  organic  electrolytes,  is  therefore 
an  attractive  cathode  material  for  secoiadary  battery  applications.  “Pha 
major  disadvantages  of  AgCl  are  its  high  equivalent  weight  and  the  low  free 
energy  of  its  reaction  with  lithium.  These  factors  combine  to  iw»a  the 
theoretical  energy  density  of  a  lithium  -  silver  chloride  battery 
(229  vbr/21))  less  than  half  that  of  a  lithium  -  copper  fluoride  batterv 
(7^9  id»r/lb). 


TABLE  IX 


THE  SILVER  CHLORIDE  ELECTRODE 

A.  Effect  of  Electrolyte  on  Efficiency  of  Cathodic  Reduction^^ 

Electrode:  10  parts  AgCl,  and  1  part  Ag  powder  pressed  at  I5OO  lbs 
into  recessed  Pt  electrode.  Theoretical  capacity  8.5  n« 
hr/cmr 

Conditions:  Discharged  at  4.2  ma/cn^  at  room  temperature  until  steep 
decrease  in  potential 


Solvent 

PC 

PC 

PC 

PC 

BL 

IMF 

BL 

Solute 

0.5P 

L1A1C14 

0.25F 

Morpholinitan-PFg 

l.CP 

LIBF4 

0.5F 

KPP6 

l.OF 

KEP5 

l.OF 

LiBF^ 

l.OP 

LiBFj^ 

CouX  •  jEif f  • 

[27? 

105^ 

24 

m 

Oji 

(4 

rwn 

60^ 

TABLE  IX  (CQHTC) 
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B.  Bffect  of  Current  Density  on  Bffieiency  of  Cathodic  Reduction 
Electrode:  90^  AgCl  and  10^  acetylene  black  pasted  on  silver 

screen  cuad  dried  at  120^ 

Electrolyte:  0.63?  LiAlCl^-PC 

Conditions:  Discharged  at  room  taiQ>erature  until  steep  decrease  in 
potential 

Current  Density  (na/cu^)  0.7  1*0  2.0  3*0  4.0  5.0 

Coul.  Sff.  lOOJt  Slf?  5556  5tsE  ^ 

C.  Effect  of  Electrode  Conposition  on  Efficiency  of  Cathodic  Reductlon^^ 
Electrode:  75%  AgCl  plus  25^  additive  wet  pasted  on  Ag  screen, 

dried,  and  sintered  at  400^C 
Electrolyte:  O.63?  LiAlClij,-PC 

Conditions:  Discharged  at  2.9  aa/ci^  at  room  tengperature  until 
ste^  potential  decrease 


Acetylene 

25^  Additive  Ag20  Ag  Elake  Graphite  Carbon  Black 

Coul.  Eff.  5^10^5  5:^0?  20-30^t  25-3^  52? 

D.  Effect  of  Mix  Weight  on  Efficiency  of  Cathodic  Reduction^^ 

ELeetrode:  75%  AgCl,  10?  Ag  flake,  10?  graphite,  4?  acetylene 
black,  and  1?  polyvlnylalcbhol  (in  H2O),  wet 
pasted,  pressed  at  5OO  psl,  and  dried  at  120® 
Electrolyte:  0.63?  liiAlCli|,-PC 

Conditions:  Discharged  at  2.9  ma/en^  at  room  teagperatuxe 
wtil  steep  decrease  in  potential 

Mix  Weight  (g  mix/ci^)  0.025  0.05  0.1  0.15 

.  Cool.  Kf.  97%  b2?  59?  19? 


E.  Effect  of  Tegqperature  on  Cathodic  Polarization  of  Elect rodes^5 
Electrode:  9^  Agd  and  10?  aee^lene  black 
Electrolyte:  0.63?  LiAlCl|).-PC 

Conditions:  Steady'state  measurements  of  polarization  in 
millivolts  vs  a  Ag/Agd  reference.  Values 
Include  otamlc  drop  in  separator  and  electrolyte. 


-300c 

350 

wm 

-2PC 

120 

230 

360 

m 

190c 

80 

180 

270 

300 

65®C 

50 

120 

150 

180 
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The  cathodic  discharge  of  silver  chloride  electrodes  has  heen  investi¬ 
gated  in  a  number  of  electrolytes.  As  can  be  seen  in  Table  EC  the  nature 
of  the  solvent  and  solute  has  a  pronounced  influence  on  the  discharge 
characteristics.  One  observation  is  that  AgCl  electrodes  can  not  be  dis¬ 
charged  in  electrolytes  which  contain  KPFg.  A  possible  explanation  of  this 
^enomenon  may  be  that  potassium  chloride,  KCl,  which  is  highly  insoluble 
in  most  organic  electrolytes,  forms  an  insulating  film  on  the  surface  of 
the  electrode  or  perhaps  precipitates  in  the  pores  of  the  electrode  and 
inhibits  the  cathodic  reduction. 

Another  factor  irtiich  influences  the  discharge  characteristics  of  AgCl 
electrodes  is  the  current  density.  Table  EC-B  illustrates  the  decrease  of 
coulonibic  efficiency  from  IOO5&  to  28^  as  the  cathodic  current  density 
increases  from  0.7  to  5»0  ma/cnr  for  a  AgCl-acetylene  black  electrode. 

The  method  used  to  prepare  AgCl  electrodes  has  an  effect  on  their 
behavior.  The  preparative  methods  investigated  have  included  pasting, 
pressing,  and  sintering  mixtures  of  AgCl  with  additives  such  as  silver 
oxide,  silver  flakes,  grajixite,  and  acetylene  black  onto  platinum  or  silver 
grids.  The  highest  discharge  efficiencies  were  obtained  with  electrodes 
containing  AgCl  and  lOj^  acetylene  blackj  pasted  or  pressed,  electrodes 
performed  better  than  electrodes  which  were  sintered  at  1|-00°C. 

The  amount  of  material  used  or  mix  wei^t  (expressed  in  grams  mix/cm? 
of  electrode)  has  an  inverse  effect  on  the  efficiency  of  cathodic  utilization. 
Table  EC-D  shows  that  as  the  mix  weight  increases  from  O.025  to  O.I5  g/cm? 
the  efficiency  drops  from  97^  to  19^  for  a  AgCl,  Ag  flake,  graphite  electrode. 
The  effect  of  temperature,  as  illustrated  in  Table  IX-E,  is  that  as  the 
temperature  Increases  the  electrode  polarization  at  any  given  current  density 
decreases. 

The  cycling  behavior  of  Ag-AgCl  electrodes  which  contained  solid  LiCl 
as  part  of  the  electrode  mix  has  been  Investigated.  The  LiCl  was  incorporat¬ 
ed  into  these  electrodes  to  provide  a  source  of  chloride  ion  for  the 
cycle  of  the  battery.  This  concept  offers  the  advantages  that  electrolytes 
containing  chloride  ion  are  not  required,  and  mass  transport  problems  are 
reduced.  To  test  this  concept  a  mixture  of  29  mg  of  silver  powder  and 
ll.k  mg  of  LiCl  (stoichiometric  ratio)  was  pressed  at  I500  pounds  pressure 
into  a  recessed  platinum  electrode,  and  cycled  to  25^  depth  at  8.5  and  k,2 
ma/cmr  in,  0.5P  LidOj^^-PC  electrolyte.  Cycling  efficiencies  of  93-1003^  were 
achieved. 

Other  Metal  Ha3d.de  Electrodes 

The  electrochemical  behavior  of  several  other  transition  metal 
has  been  investigated.  The  materials  studied  have  included  cobalt  fluoride 
(Cci^).  chromium  fluoride  (Ci^o),  nickel  fluoride  (NiPp),  nickel  chloride 
(Nici2)>  silver  fluoride  (A^),  silver  difluoride  (A^g),  manganese 
fluoride  (MniF^)  and  antimony  fluoride  (SbPo).  In  general,  the  cathodic 
reduction  of  these  compounds  is  characterized  by  higher  polarization  and 
lower  coulombic  efficiency  than  is  found  with  silver  and  copper  halides. 

So  far,  the  cathode-electrolyte  systems  utilizing  these  metal  hal  l  lies  have 
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not  shown  much  praiid.se  imder  test  conditions.  The  results  of  the  tests 
tdiich  have  "been  psrfonned  arc  as 


Cohalt  Fluoride  -  ^*^^3  electrodes  hsive^b^en  prepared  by  pasting, 
hot  pressing, dry  pressing,^®  and  filter  cake^^“^  techniques.  Cathode 
mixttires  of  TO-95?^  5“30^  conductive  and  binding  additives  have  been 

utilized.  These  electixjdes  vere  discharged  in  l.OF  LiC10|j-gC,^^^^y  l.QF 
NaPF5-PC,^^  2.4F  LiC10ij.-MF°,  and  l.OF  (C5H5)  (CHo)3NPFg-AF°  at  current 
densities  of  0.04  -  2.0  Eia/oa^.  The  hifiiest  coulorabic  efficiencies,  -which 


densities  of  0.04  -  2.0  Eia/oa^.  The  hipest  coulorabic  efficiencies,  -which 
were  about  were  obtained  in  LiC3.Gij^“PC  electrolyte. At  low  ctirrent 

densities  (O.05  ma/cn^)  two  voltage  plateaus  were  observed;  one  at  3»1~3«25  V 
and  one  at  2. 3-2. 6  V  -vs  a  lithium  electrode.  At  the  hi^er  cxirrent  densities 
the  vo3.tage  decreased  steadily  from  2.3  V  to  0  V,  and  no  vol-tage  plateaiis 
were  found.  Ferromagnetic  measure’sents  on  the  discharged  electrodes  indicated 
that  metallic  cobalt  -was  present. 


Chroraixmi  Fluoride  -  Electrodes  containing  85^  CrF^,  105^  graphite, 
and  5^  polyethylene  powder  have  been  prepared  by  the  hot  pressing  technique. 
When  discharged  at  1.8  ma/cm?  in  l.OF  LiCl.Oij.-PC  the  potential  of  these 
electrodes  decreased  steadily  frcxE  1. 3  V  to  0  V  vs  a  lithium  reference 
electrode.  The  cotilcaribic  efficiency  under  these  conditions  -was  8^. ^9 

Nickel  Fluoride  and  Nickel  Ch.loride^^^^^^^^^'^  -  NiF2  and  NiCl^ 
electix)des  have  been  prepared  from  mixtures  containing  grajiiite,  and  asbestos 
fibers  pressed  onto  metal  screens,  and  also  by  incorporating  the  NiP2  and 
NiCl2  into  sintered  nickel  matrices.  Both  types  of  electrodes  exhibited 
severe  polarization  and  coulombic  efficiencies  of  less  than  3056  when  dis¬ 
charged  in  l.OF  LiC10||^-PC  or  2.4F  LiClOjj^-J'IP  electrolytes.  Attempts  to 
improve  performance  by  doping  the  NiCl2  electrodes  with  sulfur  and  MgClg  and 
the  NiF2  electrodes  with  M#'2  have  yielded  inconclusi-ve  results. 37 

Electrodes  con-fcaining  A^  and  MnFo,^  SbF^,^^  and 

CdF257  have  been  examined  in  half-cell‘^studies .  However,  the  results  of 
these  studies  are  still  preliminary  and  shall  not  be  summarized  in  this 
report. 


Metal  Oxide  Electrodes 

Of  the  several  metal  oxides  which  have  been  investigated  to  date  only 
silver  oxide  can  be  electrochemlcally  reduced  in  organic  electrolytes. 

3®»50  other  oxides  which  have  been  studied  include  manganese  dioxide,  (MnOp), 
2,6,28,29,^  chromium  oxide  (Cr0o),5^W  vanadium  oxide  (V20c). 
stannic  oxide  (Sn02),^  cupric  oxide  (CuO),^  iron  oxide  (Feo0|j^;,3®  nickel 
oxide  (Ni0),30  and  lead  oxide  (PbOg).^®  These  compounds  were  found  to  be 
either  electrochemically  inert,  or  reduced  with  such  low  efficiency  and  hi^ 
polarization  that  they  appeared  to  be  useless. 


Silver  Oxide  -  Electrodes  prepared  by  pressing  a  mixture  of  3*0  g 
A^,  1.5  g  graphite,  and  O.5  g  asbestos  fiber  onto  silver  screen  have  been 
discharged  in  2.4F  LiC10]j^-MF  at  -15°  and  I.5P  LiClOjj^-PC  at  25°.  At  CTorrent 
densities  of  O.5  to  O.J  ma/cm^  the  -voltage  of  these  electrodes  ranged  from 
3.66  V  to  the  cut-off  of  1.9  V;  coulonobic  efficiencies  of  up  to  40^  were 
obtained.® 


Air  ELectrodes 


The  cathodic  reduction  of  oxygen  in  organic  electrolytes  has  been 
studied^?  to  detennine  the  feasibility  of  a  lithium-moist  air  battery  with 
the  proposed  cell  reaction. 


2Li  +  ^  +  HgO  - ►2LiOH, 

Pure  oxygen  has  been  reduced  at  a  platinum  electrode  immersed  in  l.OF 
LiC104-N-nitro6odimethylamine  and  in  l.CP  (C^5)(CH3)3lJPF6-N-nitrosodiniethy- 
lamine.  From  voltammetric  sweep  data  it  was  concluded  that  the  reduction 
occurs  in  two  steps;  the  first  step  at  -0.6  V  and  the  second  at  -1.75  V  vs  a 
Ag/AgCl  reference  electrode.  The  peak  currents  from  the  voltanmietric  sweep 
were  found  to  Increase  as  the  time  of  hold  at  open  circuit  potential 
was  Increased  indicating  that  the  reduction  was  limited  by  the  rate  of 
diffusion  or  adsorption  of  oxygen  at  the  electrode. 

Under  galvanostatic  conditions  (l  ma/cm^)  the  polarization  of  the 
oxygen  electrode  was  found  to  increase  with  time.  This  observation  has  been 
interpreted  as  indicating  a  buildup  of  insoliible  reaction  products  at  the 
electrode. 


Cathode  Materials 


Several  organic  halogen  and  nitro  cooqpounds  have  been  tested  as  possible 
cathode  materials  for  primary,  organic  electrolyte  batteries.  Included  in 
these  tested  have  been  hexachlorcmelamine,  trichloroisocyanuric  acid  and 
its  derivatives,  N-chlorosuccinimide,  axxxnatic  nitio-  and  nitroso-ccmpounds, 
and  dichlorobenzogulnonedilulne.  Many  of  these  compounds  offer  hl^er 
theoretical  energy  densities  than,  for  example,  the  metal  halides,  provided 
that  conq^ete  redaction  of  the  organic  ccnqpounds  can  be  achieved. 


Electxochenlcal  studies  of  these  cos^pounds  have  revealed  that  some  of 
them  are  reduced  in  organic  electrolytes  at  potentials  of  greater  +3  y 
vs  a  li-ttiium  anode  at  current  densities  on  the  order  of  10  ma/c^.  These 
compounds  are,  therefore,  electrochemically  as  reactive  as  the  copper  halides. 
However,  the  couloaa)lc  efficiencies  achieved  with  the  organic  cathodes  have 
been  either  not  reported  or  they  have  been  based  on  a  hypothetical  reaction. 
This  has  been  done  because  neither  the  reaction  mechanisms  nor  the  reaction 
products  of  the  cathodic  reduction  of  organic  compounds  in  aprotic  electro¬ 
lytes  have  been  identified  experimentcOly.  This  general  lack  of  basic  data 
makes  it  impossible  to  estimate  the  chances  of  success  of  organic  ogthode 
materials  in  organic  electrolyte  primary  batteries. 


Tri-chloroisoc 


xfx-cnxojroi8ocyaiiurie  acid  and  its  derivatives;  The  cathodi 
reduction  of  the  following  cootpounds  has  been  investigated:  30 Jo 


CIN^^NCI 


Cl 


^NCI 


n''  N«i 


'O 


Trichloroisor 
cyanuarlc  acid 


Dichloroiso- 
cyanurlc  acid 
28 


Lithium  (or  potasslimi) 
dl-chloroisocyanurate 


The  hipest  voltages  (vs  llthim)  and  coalosribic  efficiencies  were  obtained 
for  di-chl.oroisocyanuric  acid  (see.  Table  X~A).  The  date,  indicated  that 
for  none  of  these  compounds  ims  more  then  one  chlorine  functions.!  group 
readily  availabj-e  for  reaction  at  potentials  greater  than  +2  V  vs  lithium 
anode. 

Hexachloroinel amine  and  derivatives;  The  compounds  in  this  category 
which  have  been  studied  include 


NCU 


CNC82 

N 


HexachloromeLainine 


CIHNC  ^CNHCI 


NHCI 


Tri  chloromelamine 


The  electrochemical  behavior  of  solutions  of  these  compounds  has  been 
investigated  by  potentiostatic,  steady-state  techniques.  The  results  of 
some  of  these  studies  8,re  outlined  in  Table  X-B,  At  1*0  V  cathodic  polar¬ 
ization  hexachloromelamine  is  reduced  at  a  carbon  electrode  with  current 
densities  of  up  to  80  ma/ciis^.  This  indicates  that  its  electrochemical 
activity  is  higher  than  that  of  tri  chloromelamine  or  trichlroisocyanuric 
acid* 


N-chlorosuccinimidej  m-Dinitrobenzene;  2*4-I)initrophenQl;  Picric  Acid; 
4-Nit rosophenol;  p-Quinonedixime:  These  compounds  have  been  studied  using 
the  technique  of  linear  potential  sweeps*  Peak  voltages  and  currents  for 
the  cathodic  reduction  of  these  compounds,  dissolved  in  electrolyte 
solutions,  are  shown  in  Table  X-C*  4-nitrosophenol  and  p-quinonedioxime 
were  not  reduced  in  the  voltage  range  studied,^9  while  2,4-dinitrophenol 
exhibited  a  reduction  peak  which  was  unaffected  by  increases  in  the  con¬ 
centration  of  the  material. The  peak  currents  for  the  reduction  of  N- 
dichlorosucc inimide  were  found  to  increase  with  increasing  concentration. 3 
m-Dinitrobenzene  and  picric  acid  have  been  discharged  as  pasted  electrodes 
which  contained  equal  wei^ts  of  active  material  and  caibon.  The  results  of 
these  discharges,  shown  in  Table  X-D,  reveal  that  both  of  these  compounds 
a,re  discharged  with  high  coulombic  efficiencies,  and  that  m-dinitrobenzene 
exhibited  two  voltage  plateaus  (at  +2.7  V  and  +1.2  V  vs  lithium),  while 
picric  acid  exhibited  only  a  gradual  voltage  decrease  from  about  3  V  to 
zero  volts. 


Dichlorob enzoqui nonediimine :  When  this  compound  was  reduced  at  15*5 
ma/ cn^  in  LiCipi^-MF  and  LiClOi^-MF  a  single  voltage  plateau  at  1.8-2. 2  V 
was  observed.^ 
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TABLE  X 


ELBCTROCHMICAL  BMAVIOR  OF  ORGAHIC  CATHODE  MATERIALS 


A.  Discharge  of  Trichloroisocyanuric  Acid  and  its  Derivatives  in 
l.OP  LiC10i^-MF65 

Electrodes;  0,65g  active  material,  0.35g  carbon,  0.05g  carbon 
fiber 

Counter  Electrode;  lithium 
Conditions;  15  ma/cn^  to  2.0  V  cut-off 


Compound 


Cell  Voltsige 


Coul.  Eff. 


Dlchloroisocyanuric  acid 


3. 4-2.0 


Li-dichloroisocyanurate 


3. 0-2.0 


Trichloroisocyanuric  acid 


3. 0-2.0 


B.  Steady-State  Current  for  Cathodic  Reduction  of  Compoimds 
Dissolved  in  l.CF  LiPPg-IMp30 
Working  Electrode;  Speer  HP- 10  caiton,  1  cn^ 

Counter  Electrode;  1  cm^  lithium 
Reference  Electrode;  Ag/AgCl 

Conditions:  Potentlostatic;  1.0  V  cathodic  polarization 


Current  (ma/cn? 


O.IF  Trichloroisocyanuric  acid 
l.CF  "  " 

l.OF  Trichloromelamine 

O.IF  Hexachloromelamlne 
l.OF  " 


C,  Linearly  Varying  Potential  Scans  of  Organic  Compounds  ^ 

Electrodes:  Working  and  counter  electrodes  are  Speer  HP-10 
carbon;  1  cnr 

Reference  Electrode:  Ag/AgCl 

Conditions:  Organic  compovinds  dissolved  in  electrolyte;  O.IF 
concentration;  50  mv/sec  scan  rate 


Compoxmd 


_ Peak  Voltage  and  Current _ 

l.OF  LiPF^-EMF  l.CF  LiPF^-MDA 


N-Chlorosuccinimide 
m-Dinltroibenzene 
2 ,4-Dinitrophenol 
Picric  Acid 


+0.5V;  7  oa 
-0.5V;  7 
-0.3V;  7  ma 
+0.1V;  6  ma 


+0.1V;  9  ®a 
-0.4V;  6  ma 
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D,  Discharge  of  m-Dinitrcbensene  and  Picric  Acid 

Cathodes;  0,25s  organic  material,  0.25g  caiton,  wet  pasted  onto 
15.2  cm?  expanded  copper 
Anodes;  Two  lithium  electrodes,  15.2  cnr 
Separator;  Two  layers  of  I5  mil  glass  fiber  filter  paper 
Conditions;  Geilvanostaticj  2  ma/cn^  at  room  temperature 

Plateau  Voltage 


Electrolyte 

Coul.  Eff. 

(vs  Li 

m-Dinit rob  enzene 

l.CF  LiClOj^-PC 

20?t 

2.4  -  2.0 

m- Dinitrobenzene 

2.(F  LiClOi^-mc 

9^ 

2.7;  1.2 

Picric  acid 

2.CF  LiClOjj^-rMC 

70^ 

3.0  -»  0 

SEPARATORS 

Separators  for  use  in  organic  electrolyte  batteries  should  have  the 
following  properties ; 

1.  CoB^atibility  with  organic  electrolytes  and  hi^ly  reactive 
electTOde  materials. 

2.  Sufficient  mechanical  strength  to  prevent  short  circuiting  of 
the  cell  during  discharge  and  prolonged  activated  storage. 

3.  Low  ohmic  resistance  to  reduce  IR  loss  during  discharge. 

4.  Hi^  permeability  for  ions  participating  in  the  electrochemical 
reaction  to  minimize  concentration  polarization. 

5.  Low  permeability  for  dissolved  electrode  materials  to  ass\um 
long  shelf  life  on  activated  stand. 

The  materials  which  have  so  far  shown  the  best  overall  performsuice 
include  non-woven  porous  materials  such  as  asbestos  filter  paper,  glass 
fiber  filter  paper,  polyolefin  mats,  and  microporous  rubber.  However,  no 
materials  have  as  yet  been  found  which  will  prevent  or  reduce  the  diffusion 
of  dissolved  cathode  materials  from  the  catholyte  to  the  anode. 

Methods  of  Experimental  Evaluation  of  Separators 


Compatibility  Tests;  The  separator  materials  were  immersed  in  various 
electirolytes  for  extended  periods  of  time.  The  separatojvelectrolyte 
compatibility  was  then  judged  by  visual  observation  of  the  samples.^ 


The  amount  of  swelling  which  the  separator 


materials  underwent  when  exposed  to  electrolyte  was  measured  by  comparing 
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the  thickness  of  the  materieJ.  before  and  after  it  had  been  immersed  in  the. 
electrolyte  for  a  period  of.  time  stjfficient  for  equilibrium  to  be  reached.^° 

Electrolyte  Absorption;  A  sample  of  separator  material  was  weired 
before  and  after  equilibration  with  the  electrolyte-  jThe  percentage 
absorption  was  then  calculated  using  the  equation, 

Absorption  ^’xlOO  • 


Electrolyte  Retention;  A  weired  sample  of  separator  material  was 
equilibrated  with  electrolyte,  and  then  either  drained  for  30  minutes  on  a 
glass  plate  inclined  at  or  centrifuged  for  2  minutes  at  25^^  before 

rewel^ing.  The  percenta^  of  electrolyte  retention  was  then  calculated 
from 


Betention  (^)  = 


drained  wt.  -  dry  vt 
wet  wt.  -  dry  wt. 


X  100, 


or 


Lq 

Separator  Resistance;  ^  Resistance  measurements  were  made  using 
an  AC  impedance  bridge  and  a  cell  equipped  with  platinized  platinum 
electrodes.  The  resistance  of  the  separator  was  calculated  using  the 
relation,  Rg  =  Rj.  -  R_,  where  Rg  is  the  separator  resistance,  Rj.  is  the 
resistance  of  the  cell  with  the  separator  interposed  midway  between  the 
platinized  electrodes,  and  Rq  is  the  resistance  of  the  cell  with  only  the 
electrolyte  present.  The  specific  resistance  of  the  separator,  p  ,  was 
defined  by  the  equation 


P  = 


Rg  X  A 

L 


where  A  is  the  area  (cm^)  and  L  (cm)  the  thickness  of  the  separator. 

Separator  Cell  Tests The  cell  utilized  in  testing  the  separator 
materials  consisted  of  one  cathode  flanked  by  two  lithium  anodes  with 
separators  being  interposed  between  the  cathode  and  each  anode.  The  cathode, 
which  had  a  theoretical  capacity  of  0.8  AH,  was  prepared  by  hot  pressing  a 
mixture  of  85^  CuF^,  lOj^  carbon,  and  %  binder  onto  a  metal  grid.  The 
anodes  had  a  theoretical  capacity  of  1.0  AH  each.  l.OP  LiC10|^-PC  was  emiloy- 
ed  as  the  electrolyte.  The  AC  Impedance  of  each  cell  was  meastared  before 
the  discharge  was  started.  The  discharge  was  carried  out  at  a  constant 
current  density  of  2.0  ma/cm^  until  a  potential  of  0  V  was  reached.  The 
coulcmbic  efficiencies  were  calculated,  and  a  post  mortem  inspection  of  the 
cell  components  conducted. 
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Cell  Storage  Tests:  Test  cells  were  stored  after  activation  for 
variovis  lengths  of  time  trader  controlled  conditions.  They 
charged  to  detennine  their  cotaombic  efficiency  and  energy  density, 
or  opened,  vithout  "being  discharged,  and  the  amount  of  copper  which  ha 
precipitated  at  the  anode  and  in  the  separator  analytically  deternuned. 

Results  of  Separator  Evaluation 

The  results  of  the  evaluation  of  a  number  of  separator  materials  are 
collected  in  Table  XI.  These  results  reveal  that  the  "best  perfo^nce  is 
o"btained  with  non-woven  fi"brous  materials  such  as  asbestos 
filter  paper,  which  exhibit  low  resistances  and  high  electrolyte 
and  retStion.  Materials  which  have  hi^  resistance  and  low  electrolyte 
absorbence  and  retention  such  as  Lexan  Film  and  cadmim  sulfide  ion 
exchanger  gave  the  lowest  co\ilombic  efficiencies  in  the  cell  tests.  I 
noted  that  the  loss  of  efficiency  was  not  caused  by  short-circuiting  due  to 
dendrite  formation,  but  instead  appeared  to  be  caused  oy  excessive  po 
ization  due  to  the  low  permeability  of  the  separator  material. 

Separators  made  fran  asbestos,  polypropylene  fiber,  and  glass- fiber 

have  been  shown  to  be  compatible  with  PC  in 

copper  halide  electrodes.  However,  they  have  proved  to  be  ineffec^ve  in 
reducing  self-discharge  in  these  cells.  Also,  their  hi^  electrol^ 
absorption  is  undesirable  since  the  extra  electrolyte  required  adds  to 
dead  wei^t  of  the  cell# 

storage  tests  have  been  carried  out  with  lithium-copper 
These  cellf  were  discharged  throu^  a  constant  200*ohm  l^d  ^ 

periods  of  storage  at  room  temperature.  The  results  of  these  storage  tests 

are  summarized  in  Table  XII. 


TABLE  XII 


EFFECT  OF  STORAGE  TIME  ON  Li/CuF2  CELLS 


Electrodes:  Two  lithium  electrodes  (5. 5-6.0  amp-hr  capacity) 
one  CuFo  electrode; (4.0  amp-hr  capacity; 
Electrolyte:  1.4F  LiC102j.-PC 
Separator:  1.1  mm  microporous  rubber 

Coitions:  Discharged  across  200  ohm  load  until  potential 
of  0  "7  reached 


Time  of  Storage 
0  weeks 


1  week 


Length  of  Discharge 
150  -  225  hours 
90  -  105  hours 


2  weeks 


20  -  50  hours 


The  activated  storage  capability  of  cells  similar  to  the  ones  mentioned 
above  has  been  investigated  at  tvo  different  tQnlperat^^^es .  The  capacity 
of  cells  stored  at  -15°C,did  not  noticeably  change  over  a  period  of  six 
weeks.  Cells  stored  at  35°C  had  ccanpletely  lost  their  charge  after  only  two 
weeks . 


The  rate  of  self  discharge  of  lithium- copper  chloride  cells  has  also 
been  determined. 53  Cells  consisting  of  one  lithium  anode  and  two  copper 
chloride  cathodes,  separated  by  two  Is.yers  of  Pellon  25IT  or  Pellon  405B, 
were  utilized.  The  electroljrte  was  0.3F  LiCl,  AlClo“PC,  55^  Arter 

two  weeks  activated  storage  at  room  temperature,  these  cells  were  disassembled, 
and  the  copper  deposited  on  the  anode  and  in  the  separator  analytically 
determined.  The  rate  of  self-discharge  for  these  cells  was  calcxalated  as 
being  5-7  x  1C"3  mg  Cu/cm^-day. 


COMPLETE  ORa^JnC  ELECTROLYTE  BATTERIES 

Several  of  the  components  which  exhibited  acceptable  performance  in 
the  individual  tests  described  in  the  preceding  chapter  of  this  report  have 
been  incorporated  into  complete,  experimental  batteries.  These  batteries 
have  been  tested  under  various  conditions  of  discharge  and  cycling  to 
determi.ne  their  voltages  of  operation,  capacities,  energy  densities,  cycle 
lives,  and  shelf  lives.  The  results  of  these  tests  along  with  the  details 
of  construction  and  test  procedures  will  be  discussed  below. 

Before  the  test  results  are  described  it  should  be  pointed  out  that  no 
attempts  have  yet  been  made  to  optimize  the  design  of  battery  packages  for 
organic  electrolyte  systems.  In  the  case  of  tlie  cells  described  below  the 
packages  have  been  designed  for  ease  of  fabrication  using  simple  laboratory 
procedures,  and  do  not  represent  the  design  optimum,  which  may  be  achieved 
in  the  future. 

It  was  found  in  preparing  this  sinmnary  of  the  test  results  that  the 
methods  of  reporting  test  data  are  as  numerous  as  are  the  poople  making  the 
reports.  This  inconsistency  in  reporting  makes  it  difficTolt  in  some  cases 
to  compare  the  work  of  the  various  investigators.  Therefore,  the  last  part 
of  this  chapter  has  been  devoted  to  a  discussion  of  a  method  of  data  analysis 
which  may  help  to  alleviate  this  problem.  The  utility  of  this  method  of 
analysis  will  be  demonstrated  by  applying  it  to  some  of  the  data  summarized 
below. 

Flat  Plate  Primary  Batteries 

Battery  System; 

Source: 

Construction: 
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Li/LiClOi^-MF/CuFg 

6  *7 

Livingston  Electronics  Corporation  ^ 

Anodes ;  Two  lithium  anodes  of  5*l8  amp-hr 
capacity  with  30  can?  electrode  area,  made  by 
pressing  lithitm  metal  onto  expanded  silver 
mesh. 

Cathodes;  One  CuFo  cathode  of  3*85  ami>-hr 
capacity  and  30  cai^  electrode  area,  made  by 
pressing  mixture  of  82.6^  CUF2,  11.6^  graphite. 


Performance: 


Battery  System: 

Source: 

Constmction: 


Performance: 


and.  5.8^^  paper  pulp  onto  expanded  silver 
mesh. 

Separator:  0,03-inch-thick  microporous  rubber. 

Electrolyte:  6.0  ml  of  4.68F  LiClOi^-methyl- 
formate. 

Casing:  Polyethylene  envelope;  total  cell 
wei^t  21  grams. 

This  battery  yielded  124  -vdir/lb  ■vdien  dis¬ 
charged  to  2,0  V  cut-off  across  constant  load 
of  lOOfi  (70  hr.  rate)  at  -15°C.  Average 
voltage  was  2.72  V;  at  the  30-hour  rate  under 
these  conditions  the  energy  density  was  94 
whr/lb;  at  35°C  83  uhr/lb  at  the  20-hr.  rate; 
shelf  life  is  poor  and  is  probably  limited 
by  attack  of  electrolyte  on  lithium  anode. 


Li/LiClOi^-PC/CuFg 

Livingston  EDLectronics  Corpofation^»'^»^ 


Anode:  Li  anodes  of  5*10  amp-hr  capacity 

and  30  cnr  electrode  area. 

Cathode:  82.6^  CUP2,  11.6^  graphite,  and  5 *8^ 
paper  pulp;  4.97  amp-hr  capacity  and  30  as^ 
area. 

Separator:  0,03  inch  microporous  rubber. 

Elect rolyte:  7*0  ml  of  1.4F  LiClO]^  -  propylene 
carbonate. 


Casing:  Polyethylene  envelope;  toteO.  cell 
wel^t  2^  grams. 

Component  Wel^t  (in  grams  and  ^  of  total 
battery  weight); 


cathode,  CUP2 

graphite 
paper  pulp 
Ag  mesh 
anodes,  lithium 
Ag  mesh 
electrolyte 
sepeirators 
PE  envelope 
total 


9.4  (37.6^) 
1.3  (  5.2^) 
0.7  (  2.856) 
0.3  (  1.2^) 

1.3  (  5.256) 
0.6  (  2.456) 

9.3  (37.256) 

1.3  (  5.256) 
0.8  (  3.256) 

25.0  (10056) 


When  discharged  across  200Q  load  (265  hr.  rate) 
at  35°C  this  cell  yielded  223  whr/lb  with  em 
average  voltage  of  3,05  V  (3.3  V  to  2,0  V 
cut-off);  ^en  stored  at  3^0  cells  tmderwent 
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ccaaplete  self-discharge  within  a  few  days,  hut 
were  stable  for  six  weeks  at  -15°C;  dissolution 
of  CuF2  caused  self-discharge. 


Battery  System: 


Source; 


Construction! 


Li/LiClOj^-PC/CuFg 

!Ehe  Electric  Storage  Battery  Company^^ 

Anode:  Five  lithium  anodes  made  hy  pressing 
Li  ribbon  onto  copper  screen;  120  cnr  total 
area. 

Cathode;  85^  CUF2,  10^  graphite,  and  5^^ 
polyethylene  powder  pressed  onto  copper  screen; 
four  cathodes  used  in  each  cell  had  total 
capacity  of  7  aa^Hhr. 

Separator:  O.OI5  inch  glass  fiber  filter  paper, 

Electrolyte;  I5  ml  of  l.CP  LiClOij^-propylene 
carbonate. 

Casing;  Vacuum  formed  polyethylene 
Component  weights  (in  grams  and  i  of  total 


Performance; 


cathode,  mixture  15*^5  (33. 7/^) 

copper  screen  2.k3  (  5.3^) 


anodes,  Li  metal 

copper  screen 
separators 
electrolyte 

PE  casing _ 

total 


2.23  (  4.6^) 
1.27  (  2.8^) 

l.lH  ( 

18.00  (  39.5^tj 
5.04  (11.0^) 
45.83  (lOOSfe) 


Discharged  at  constant  current  and  room 
temperature  from  about  3.3  V  open  circuit  to 
0  V.  Obtained  voltage  plateau  at  approxi¬ 
mately  3  V  with  energy  densities  and  coulombic 
efficiencies  as  follow; 


current 

density 

(ma/cm^) 


energy* 

density 

(idir/lb) 


120  99 


coulonibic  |  27 
efficiency 


♦Energy  densities  based  on  final  voltage  of  0  V, 
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Battery  System: 

Source: 

Construction: 


PeziToxoiance: 


Battery  System: 

Soux^:e: 

Construction: 


The  low  energy  density  at  0.5  ma/cn^  discharge 
has  "been  attributed  to  self-discharge.  Hi^er 
and  lower  temperatures  also  caused  decreased 
performance  when  "batteries  were  discharged  at 
2  ma/cn^.  At  0°C  these  batteries  yielded  2J 
whr/lb  and  lSi>  efficiency  \diile  at  40°C  they 
yielded  105  vhr/lb  and  56^  efficiency.  Lower 
performance  at  O^C  explained  by  concentration 
polsirization,  and  at  40°C  by  increased  rate  of 
self-discharge . 


Li/LiAlCl^,  AICI3-PC,  Md/CuClg 

52  53 

ELectrochimica  Corporation  * 

Anode:  Li  metal  pressed  onto  metal  grid. 

Cathode:  85.05^  CuCO^#  silver  powder,  eind 

T.5?i  carbon  black  pressed  onto  copper  grid; 

0,38  ima  thick  with  capacity  of  0.8  to  1.0 
an^hr. 

Separator;  Two  layers  of  polypropylene  mat. 

Electrolyte;  3.CF  AlClo,  0.3P  LiCl  -  propylene 
carbonate  containing  555#  rd,tromethane. 

Open  circuit  voltage  3»1  V.  When  discharged 
at  room  temperature  the  following  results  were 
obtained: 


discharge  rate  (min) 

- 5o“ 

30 

15 

current  (ma)  „ 

700 

2000 

4000 

current  dens  (ma/cmr) 

7.2 

19.4 

38.'8 

voltage  range 

2.3-1.6 

2.2-1.9 

2.0-1.5 

energy  dens  (whr/lb) 

27 

29 

25 

current  eff.  (?6) 

82 

100 

84.5 

Bate  capability  was  outstanding.  Self-dis¬ 
charge  due  to  CUCI2  dissolution  is  main  problem 
with  this  battery. 


Li/proprietary  electrolyte/CuClg 

C5I1 

ELectrochimica  CosToration-^ 

Anode:  Li  metal  pressed  onto  metal  grid. 
Cathode:  CUCI2  mixture  with  capacity  of  0.8 
to  1.0  amp-hr. 
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Perfonnance: 


Battery  System: 

Source: 

Construction: 


*ACL-70  -  Monsanto*! 


Separator  aM  ELectrolyte:  Not  reported. 

Casing;  A  standard  metsil  casing  used  by  this 
con^any  on  other  types  of  cocsnercial  batteries. 

This  battery  system  is  claimed  to  operate 
satisfactorily  over  a  wide  range  of  temperatures. 
When  discharged  at  ICX)  na  (lO-hr  rate)  the 
following  results  were  obtained: 


Temperet\ire,  '^C 

-40 

27 

71 

Plateau  voltage 

1.4-0.8 

2.0 

2.5 

2.5 

Coul.  Eff. 

77-95^ 

yyyjo 

70-80^ 

Energy  dens  (>dir/lb) 

_ L- 

28 

28 

At  71°C  self-discharge  becomes  appreciable  in 
this  system.  Outstanding  performance  at  low 
temperatures  down  to  -4o°C. 


Li/LiClOi^-MF/ACL-TCF 

65 

Monsanto  Research  Corporation 


Anode;  Li  metal  pressed  onto  one  side  of 
polypropylene  separator  tape. 

Cathode;  Mixture  of  8l^  dichlorotriazinetrione 
(ACL-TO),  13^  Shawinigan  acetylene  black,  and 
Si)  carbon  fiber  pressed  onto  separator. 
Separator;  0.003-inch  polypropylene  tape. 
Electrolyte;  1.9  ml  of  1.0?  LiClOij,  -  methyl 
formate. 

Casing;  This  system  has  been  investigated 
for  possible  tise  in  tape  batteries  currently 
under  study  at  Monsanto;  in  these  experiments 
the  active  electrode  materials  were  supported 
on  either  side  of  a  polypropylene  tape  in  the 
normal  tape  battery  configuration;  however, 
for  test  purposes  the  tapes  were  pressed  at 
4  Ib/ir^  between  metal  current  collectors  and 
discharged  under  static  conditions. 

Component  weights  (in  grams  and  jo  of  total 
component  wei^t); 


anode,  Li  metal 
cathode,  ACL-70 

carbon  black 
carbon  fiber 
separator 

electrolyte _ 

total 


0.30  (  7.5^) 
1.30  (32.7^) 
0.20  (  5.0^) 
0.10  ( 

0.05  (  1.3^) 
2.02  (51.0^) 
3.97  (10056) 


Tradename  for  Dichlorotriazinetrione 


39 


Perfoimance: 


When  discharged  at  7»8  ma/cin?  (I58  min.)  these 
tapes  had  a  voltage  range  of  3*7  to  2.0  V  with 
an  average  voltage  of  3.I8  V.  They  delivered 
ihh  whr/lb  (to  2.0  V  cut-off)  with  a  coulcanbic 
efficiency  of  58?^  (assuming  both  chlorine  atoms 
in  ACL-70  are  active).  The  tests  were  per¬ 
formed  at  room  temperatxire. 


Plat  Plate  Secondary  Batteries 


Battery  System: 


Source; 


Construction! 


Pearfoimance: 


Li/LiAlGlj^-PC/AgCl 

Lockheed  Missiles  and  Space  Company^' 

Anode;  Li  metal  anodes  prepared  hy  pressing 
Li  onto  silver  screen;  10  anodes/battery. 

Cathode;  Mixture  of  755^  AgCl,  1.%  A^O,  and 
lOjo  graphite  pressed  onto  silver  screen; 

9  cathodes/batteiy  with  5  amp-hr  capacity  and 
300  CD^  area. 

Separator:  Glass-fiber  mat. 

Electrolyte;  0.6p  LiAlClj^  in  propylene  car¬ 
bonate. 

Casing;  Sealed  aluminum  cans;  total  cell 
wei^t  275  grams. 

For  single  discharge  at  1.4  ma/cn^  from  open 
circuit  potential  of  2.85  V  to  I.90  V  obtained 
28  >dir/lb  with  8oji  cathode  utilization.  Cells 
had  average  voltage  of  2.5  V  and  a  cycle  life 
of  30“  50  cycles  when  cycled  at  a  current 
density  of  1  ma/cn^  and  depths  of  discharge 
varying  between  S$  and  With  IOO56  depth 

of  discharge  cells  failed  after  7  cycles. 
Lifetime  limited  by  poorly  adherent  Li  formed 
during  charge.  Appears  to  be  promising  system 
for  low  rate,  long  life  operation. 


Battery  System; 


Sovirce; 


Construction: 


Li/KPFg-PC/NiXg 
Gulton  Industries'"^* 

Anode;  Mixture  of  90?^  Li  powder  and  lOJ^ 
graphite. 

Cathode;  50^  NiX2  and  50?&  graphite;  composition 
of  WiX^  tmknown,  but  preparation  was  by  treat¬ 
ing  NIP2  vith  thionyl  chloride,  and  thus 
partially  converting  the  fluoride  to  the 
chloride. 
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Electrolyte;  KPPg  dissolved  in  either  propy¬ 
lene  carbonate  or  dimethylsulf oxide. 

Performance;  The  fol3.owing  results  vere  obtained  for 

single  discharges; 


curreixt  density  (ma/cm^y 

2 

100 

voltage  range  (V) 

3. 0-1.0 

1.6-0.6 

coulombic  efficiency  (^) 

66 

33 

energy  density  (>dir/lb) 

6o 

6 

This  system  has  been  cycled  20  times  at 
2  ma/cD^  for  both  charge  and  discharge  with  a 
10^  depth  of  discharge.  It  delivered  an 
average  voltage  of  2.0  V  under  these 
conditions. 


Battery  System; 

Source; 

Construction: 


Perfonnance; 


Li/KPPg-BL/AgFg 

Whittaker  Corporation^^^ 

Anode;  Li  metal  pressed  onto  silver  gridj 
two  anodes/batteiy. 

Cathode:  Mixture  of  A^g#  caibon,  and 
polyethylene  binder  pressed  onto  silver  grid; 
one/battery. 

Separator;  Non-woven  nylon. 

Electrolyte;  Saturated  solution  of  KPPg  in 
btrbyrolactone . 

Casing;  Heat-sealed  polyethylene  bag. 

Open  circvdt  potential  3»T  V;  voltage  plateau 
on  discharge  at  1  ma/cn^  was  3»0  V-3.^  %  When 
charged  and  discharged  at  this  current  density 
to  a  low  voltage  cut-off  of  1.0  V,  a  depth  of 
discharge  of  90^  'was  obtained.  During  first 
10  cycles  of  operation,  the  charge-discharge 
efficiency  was  t)ut  this  dropped  to  7^ 
after  40  cycles.  Lead  breakage  was  chief 
failure  \dilch  limited  cycle  life  in  this 
battery. 


Analysis  of  Restilts  With  the  Figure  of  Merit  Expression 

As  cein  be  seen  from  the  foregoing  presentation  of  the  performance  data 
for  a  variety  of  cell  tests,  there  is  a  lack  of  consistency  in  the  methods 
chos^  for  reporting  the  results.  This  lack  of  consistency  makes  it 
difficult  in  some  cases  to  adequately  compare  the  work  of  different 
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investigators,  and  may  even  lead  to  a  misinterpretation  of  the  results.  It 
is  therefore  suggested  that  a  standard  method  of  reporting  the  results  of 
discharge  tests,  based  on  the  figure  of  merit  expression,  described  below, 
be  adopted.-*- 

The  figure  of  merit  expression  takes  into  account  the  three  main 
factors  which  determine  the  energy  density  of  a  given  battery  under  a  given 
set  of  conditions.  These  factors  are  the  thermodynamic  properties  of  the 
electrode  couple,  the  electrochanical  beha-^or  of  the  cell,  and  the  design 
of  the  battery  package. 

The  equation  which  defines  the  figure  of  merit  M^,  is 


Mw  =  VlKs 


where  Qq  =  the  calculated  themacdynainic  energy  density  of  the  electrode 
couple.  =  a  proportionality  factor  which  describes  the  electrochemical 
efficiency  of  the  electrode  i-eaction,  taken  as  being  equal  to  the  product, 
voltage  efficiency  (ey)  times  eoulombic  efficiency  (e^).  The  voltage 
efficiency  is  the  a-rerage  voltage  of  the  battery  during  disrfiarge  di-vided 
*5y  the  s-tandard  potential  of  the  electrode  couple,  and  the  coulombic 
efficiency  is  the  couloasbs  delivefred  by  the  battery  di-vided  by  the 
theoretical  coulonibic  capacity  of  the  electrodes.  =  a  proportionality 
factor  which  describes  the  design  efficiency  of  the  battery  package,  taken 
as  being  equal  to  -the  wei^t  of  the  active  electrxsde  material  divided  by 
the  wei^t  of  -the  total  battery  packa^.  This  equation  has  been  utilized 
to  analyle  some  of  the  data  presented  in  this  chapter  (Table  XIII ). 

The  agreement  between  the  calculated  energy  densities  shovm  in  the 
Table  and  the  escperlmentally  determined  energy  densities  indicates  that  the 
figure  of  merit  eapressioo  gives  a  good  representation  of  the  results. 
Further,  by  comparing  the .  individual  values  for  the  parameters,  Qq,  e^,  e^,, 
and  K^,  it  is  possible  to  analyze  the  weakness  of  the  various  systems 
and  to  d^ermine  in  what  ^shion  varying  the  conditions  of  discharge  and  the 
battery  design  affecta,  the  battery  performance. 

As  an  example  of  how  this  system  of  evaluation  might  be  used,  the 
following  analysis  of  the  data  presented  in  Table  XlHis  given: 

1.  Coorparlson  of  the  e^.  factors  (coulonibic  efficiency)  for  Li/CuF2 
cells  under  a  variety  of  conditions  reveals  that  at  low  discharge  rates, 
when  glass-fiber  separators  a3?e  i;used,  the  lack  of  coulombic  efficiency  is  the 
main  cause  of  the  low  ener^r  density;  this  may  well  be  due  to  self-discharge. 
By  changing  tht  conditions  of  discharge,  e.g.,  a  sli^tly  higher  temperature 
and  a  microporous  rubber  separator,  this  problem  is  considerably  reduced. 

2.  When  LiC10j,-MF  electrolyte  and  lower  temperature,  -15°C,  are 
used  both  the  voltage  ^iciency,  e^,  and  the  coulonibic  efficiency,  e„,  are 
reduced. 

3.  The  lithiumKSilver  chloride  secondary  system  suffers  frcm  a 
low  theoretical  energy  density,  anc!,  for  the  set  of  data  illustrated  here. 


from  a  low  weight  efficiency.  If  the  "dead  wei^t"  in  the  cell  could  he 
reduced  to  achieve  a  wei^t  efficiency  comparable  to  that  obtained  for  the 
lithium- copper  fluoride  cells,  the  energy  density  mi^t  be  increased  by  a 
factor  of  3-4. 

The  above  discvission  serves  to  illustrate  the  utility  of  this  method 
of  analysis,  and  shows  how  eeisily  different  conditions  and  different  systems 
can  be  compsured.  However,  this  type  of  evaluation  should  be  vised  primarily 
as  a  method  of  summarizing  the,  data,  not  as  a  svfljstitute  for  a  detailed 
discussion  where  all  of  the  Imown  facts  are  brou^t  to  bear. 


PRCBLEM  AREAS  AHD  AREAS  OF  FUTURE  WORK 

Organic  electrolyte  cells  have  been  constructed  \ftixch  delivered  higher 
energy  densities  than  200  wh/lb.  However,  these  cells  have  exhibited 
several  shortcomings  idiich  have  so  far  frustrated  attempts  to  develop  a 
practical  organic  electrolyte  battery.  These  shortcomings  are  as  follow: 

1.  Lack  of  rate  capability. 

2.  Lack  of  shelf  life. 

3*  Lack  of  cycle  life  and  cycling  efficiency  in  secondary  systems. 

In  order  to  overcoame  these  limitations  and  to  provide  the  additional  data 
required  for  battery  design,  the  following  efforts  are  felt  to  be  necessary. 

To  Improve  the  Rate  Capability 

1.  Unanibiguous  experiments  are  needed  to  identify  the  factors  ^dxich 
cause  the  rate  limitation  in  organic  electrolyte  systems.  The  identification 
of  these  factors  would  then  serve  as  a  basis  for  a  systematic  approach  to  . 
improve  the  rate  capability. 

2.  Attempts  should  be  made  to  find  electrolytes  with  hi^  conductivi¬ 
ties,  hi^  solute  solubilities,  and  low  viscosities  in  order  that  hi^er 
rates  of  mass  transfer  can  be  achieved.  Solvents  with  low  dielectric 
constants,  ^diich  usually  do  not  strongly  solvate  ionic  substances,  should 
not  be  left  out  of  these  investigations,  since  solvation  mechsuiisms  other 
than  ion-dipole  interaction  are  known  to  exist. 

3.  Investigations  must  be  conducted  to  find  suitable  separators  '«diich 
have  hi^  permeability  for  the  ions  involved  in  the  electrode  reactions. 

This  work  should  include  the  measurement  of  diffusion  coefficients,  trans¬ 
ference  numbers,  and  membrane  potentials  as  well  as  the  other  factors  which 
affect  the  membrane  performance  such  as  electrolyte  absorbance,  membrane 
swelling,  and  perm-selectivity. 

4.  The  buildup  of  raaction  products  such  as  LiF  and  LiCl  in  the 
cathode  should  be  Investigated  to  determine  what  effect  it  has  on  the  rate 
capability  of  the  electrode.  An  adverse  affect  mi^t  be  corrected  by 
choosipgan  electrolyte  in  idiich  the  reaction  products  are  more  soluble  so 
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that  the  pores  of  the  cathode  woul,d  remain  open  during  discharge.  To 
effecti-vely  choose  a  new  electrolyte  system,  however,  wo\ild  require  an  under¬ 
standing  of  the  ionic  equilibria  in  organic  electrolytes  as  well  as  a 
knowledge  of  the  transference  nunflbers  of  the  soluble  species.  Another 
approach  to  the  problem  mi^rt  be  to  attoupt  to  find  electrolytes  \diich  would 
provide  for  the  foiraation  of  a  porovis  precipitate  of  reaction  products  on  the 
anode  rather  than  the  cathode. 

5.  Slightly  soluble  salts  that  can  supjQy  ions  for  the  electrochemical 

Inactions  by  of  a  salt  transformation  cycle  may  be  incorporated  into 

the  cathode  mix,  thus  minimizing  mass  transport  problons  and  providing 
hi^er  rates  in  starved  electrolyte  configurations  and  in  secondary  systems. 

6.  The  rate  capability  may  be  improved  by  increasing  the  rate  of  mass 

transport  in  the  cathode.  This  mi^t  be  accomplished  by  preparing  electrodes 
with  well-defined  poTOsity  and  structure  designed  to  provide  natural  con¬ 
vection  during  charge  and  discharge.  Alternatively,  the  rate  capability 
mi^rt  be  inproved  by  shortening  the  path  of  diffusion  of  the  cathode  material 
to  the  reactive  sites  at  the  conductive  additive.  This  may  be  accomplished 
by  the  use  of  particle  size  metal  halide-carbon  mixtures  in  the 

electrode. 

7.  Another  approach  to  oveicoo*  the  rate  limitation  may  be  to  make 

metal  conductive  by  doping.  Semiconductive  or  electronic  conductive 

materials  mi^rt  be  reduced  directly,  rather  than  via  a  mechanism 
iirvolving  dissolved  intermediates.  Doping  techniques  for  these  materials 
must  be  developed,  however,  before  this  approach  can  be  tested  thorou^ily. 

8.  Coitinulng  searches  for  new  cathode  systems  must  be  conducted. 
Organic  compounds,  especially,  may  offer  higher  rates  in  primary  systems, 
and  investigations  of  these  compounds  should  be  increased  in  both  scope  and 
depth. 

To  Tnrprove  the  Shelf  Life 

1.  Further  reseetrch  is  necessary  to  determine  the  causes  of  self¬ 
discharge.  This  requires  an  in-depth  study  of  the  ionic  equilibria  between 
electrolyte  and  solid  electrode  materials  and  ruction  products,  the  goal 
being  the  identification  of  the  soliible  species  and  the  determination  of 
the  solubility  products  and  stability  constants  for  the  solution  con¬ 
stituents.  These  studies  should  also  include  the  determination  of  the  effect 
on  the  rate  of  self  discharge  of  tenperatvire,  electrolyte  cooposltlon,  and 
open  circuit  storage.  These  studies  of  equilibria  and  the  other  parameters 
which  affect  dissolution  and  precipitation  may  also  shed  seme  li^t  on  how 
to  solve  the  problem  of  dendrite  formation. 

2.  The  shelf  life  may  be  improved  by  the  use  of  different  solvents, 
solvent  mixtures,  or  solutes  in  the  electrolytes.  Another  approach  mi^t 
be  to  incorporate  into  the  cathode  mix  a  slightly  soluble  salt  which  would 
shift  the  equilibria  in  the  vicinity  of  the  cathode  toward  the  insoluble 
cathode  material. 
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3.  The  effects  of  impurities  on  the  rate  of  self-discharge  need  further 
study.  Haxmful  impurities  should  he  identified  and  removed  from  the  electro¬ 
lytes  and  other  battery  components  by  proper  purification  techniques. 

Maximum  pemissible  impurity  levels  should  be  determined  in  oi^er  that  costly 
purification  procedures,  which  do  not  improve  the  shelf  life,  can  be  avoided. 

1)-.  Separators  should  be  foimd  which  prevent  the  migration  of  dissolved 
cathode  materials  to  the  anode,  but  which  allow  the  transfer  of  the  ions 
■vdiich  participate  in  the  electrode  reactions.  Materials  which  might  conform 
to  these  specifications  include  plastic  films,  ion  exchange  membranes,  or 
heterogeneous  materieQ.s  ^diich  are  porous  enoia^  to  allow  the  passage  of  ions 
such  as  lithium  ion,  but  which  contain  particulate  matter  which  adsorb  or 
in  some  other  fashion  react  with  dissolved  metal  halide  ccanplexes  so  as  to 
prevent  their  migration  to  the  anode.  The  field  of  separators  for  organic 
electrolyte  systems  has  been  little  explored,  and  there  is  great  need  for 
basic,  systematic  studies  in  this  area.  Separators  mi^t  also  be  found  which 
would  minimize  the  problem  of  dendrite  formation.  This  co\xld  be  accomplished 
with  materials  of  sufficient  mechanical  strength  to  prevent  dendrite  for¬ 
mation,  or  with  materials  which  chemically  react  with  the  metal  so  that 
dendrites  which  do  form  are  prevented  from  growing  large  enou^  to  short- 
circuit  the  cell. 

5*  The  problems  aissociated  with  the  formation  of  insulating  films  on 
lithium  anodes  should  be  investigated  since  these  films  constane  reactive 
material,  cause  severe  electrode  polarization,  and  prevent  complete  reaction 
during  discharge.  This  may  be  approached  by  finding  practical  ways  to 
prevent  the  diffusion  of  moisture,  oxygen,  €uid  nitrogen  into  the  battery. 
Another  approach  mi^t  be  the  use  of  suitable  electrolytes  or  of  anodes  made 
from  lithium  alloys.  By  the  proper  choice  of  these  components  it  whould  be 
possible  to  prevent  the  reaction  of  the  anode  with  iurpurities  from  the  air, 
and  would,  alleviate  the  pTOblem  of  trying  to  prevent  the  diffusion  of  these 
irqguritles  into  the  battery. 

6.  The  search  should  continue  for  new  cathode  materials  which  are 
Insoluble  and  have  little  tendency  to  form  dendrites.  Organic,  compoxonds 
with  functional  groups  such  as  N-chloro,  perhalide,  quinone,  or  nitre- 
mi^  be  considered  for  investigation,  especially  in  terms  of  attempting  to 
control  their  solubility  by  polymerization,  or  polyeondensation. 

To  Haprove  the  Csrcle  Life  and  Cycling  Efficiency 

1.  little  is  hnown  about  the  factors  which  limit  the  cycle  life  and 
cycling  efficiency  of  organic  electrolyte,  secondary  systems.  Therefore, 
these  factors  must  be  identified  and  cheiracterized  before  a  systanatic 
effort  to  solve  the  problem  can  be  launched.  An  approach  to  eliminate  the 
side  reactions  which  cause  the  lack  of  cycle  life  and  cycling  efficiency 
mi^t  be  to  use  other  electrolytes  or  electrolytes  of  higher  purity. 

2.  Practical  answers  to  the  problems  of  overcharge  and  of  charging  at 
too  hl^  a  rate  must  be  found.  These  operations  cause  solvent  decomposition 
with  the  fozmation  of  sludges  and  insxilating  films  on  the  electrodes. 
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3.  Further  vork  is  necessary  to  improve  the  structure  of  el^t^ 
deposited  lithium.  The  aim  ehoixL«i  he  to  obtain  ccmpect,  non-dendritic 
deposits  with  good  mechanical  streng!;b,,  so  as  to  prevent  mechanical  loss  of 
littiim.  To  achieve  this,  the  efTect  of  substrate,  electrolyte  composition, 
current  density,  ten^rature,  and  electrode  configuration  and  separation 
must  be  investigated. 

If.  Optimissation  of  the  cathod-e  composition  and  structTire  may  improve 
cycling  efficiency  and  cycle  life.  Also,  the  incorporation  of  slightly 
soluble  salts  which  provide  icns  for  reaction  during  charging  or  which 
cQBfcine  to  form  stable  compounds  •^^ith  the  products  of  the  discharge  may 
prove  fruitful.  To  extend  this  idea  further,  it  should  be  pointed  out  that 
this  area  of  cathode  additives  and  pretreatment  has  been  little  explored, 
and  might  provide  answers  to  ee\’eral  problems  including  cycle  life,  cycling 
efficiency  and  shelf  life. 

Additional  Data  Required  for  Batteiy  Design 

1.  Optimum  electrode  configuration  and  spacing,  and  optimum  electrolyte 
volume  must  be  deteimined  for  each  system  which  shows  promise  of  being 
developed  into  a  workable  battery. 

2.  In  order  to  properly  design  a  battery  package  the  physical 
Iffoperties  of  the  battery  components  must  be  known.  For  the  electrolyte 
such  properties  as  vapor  pressure,  freezing  and  boiling  points,  thermal 
expansion  coefficient  and  heat  capacity  must  he  determined,  while  for  the 
electrodes^  heat  capacities,  heat  conductivities,  euid  electrode  reaction 
temperature  coefficients  should  be  measured.  It  should  be  further  pointed 
out  that  the  inherently  low  conductivities  of  the  organic  electrolyte 
systems  may  cause  serious  heating  problems,  especially  at  hi^  discharge 
rates,  so  that  provision  must  be  made  for  heat  dissipation. 

3.  The  '*>^1  strength  of  the  electrode  structures  must  be 

considered,  and  provision  made  for  the  loss  of  mechanical  integrity  during 
cl^ge  and  discharge. 

4.  Safety  precautions  must  be  defined.  The  hi^  reactivity  of 
lithium  may  create  problems  in  the  handling,  storage  and  disposal  of  this 
material,  while  the  thermodynamic  instability  of  the  perchlorates,  popular 
ingredients  of  electrolytes,  should  be  characterized  to  insure  that  this 
material  does  not  represent  a  potential  hazard  under  the  anhydrous  con¬ 
ditions  needed  for  lithium  containing  batteries. 

5.  Suitable  concepts  for  overcharge  control,  pressure  control,  venting 
and  battery  activation  must  be  developed. 
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